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FOREWORD
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Worth Division of General Dynamics Corporation under U. S.
Air Force Contract No., F33615-70-C-1004. The contract was
initiated under Project No. 1369 '"Mechanical Subsystems for
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Paul M. Wagner (FEM), Project Engineer.
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from August 1969 to August 1970. The study was performed
under the project leadership of Mr, R. C. Churchill, The
General Dynamics Report Number is FZM=-5560. The authors
wish tc acknowledge the assistance of Mr, R, C. Barrom,

Mr. C. W, Austin and Mrs. L. J.Schnacke for their efforts
in analog and digital computer programing,

The authors wish to thank Mr. Wagner for his guidance
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space Corporation is also acknowledged. This report was
submitted by the authors in September 1970.

Publicatior. of this technical report does not consti-
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lation of ideas.

= W N

KENNERLY H, DIGGES

Chief, Mechanical Branch

Vehicle Equipment Division

Air Force Flight Dynamics Laboratory

ii




ABSTRACT

The operation of an aircraft antiskid wheel brake
control system has the potential for producing adverse
aircraft dynamic behavior and structural damage. Antiskid
operation is also a major influence upon stopping perfor-
mance, Unless the characteristics and effects of antiskid
operation can be defined, an aircraft's capability for
safe, reliable and economical accomplishment of its inten-
ded usage cannot be assured. This report presents an
analysis procedure for predicting antiskid operational
characteristics and the inter-related effects upon the
aircraft and its performance. The analytical procedure
is the development of mathematical equations for a com-
prehensive description of the antiskid system components,
the significantly influencing aircraft systems and the
characteristics of the surface upon which the aircraft is
operating. The mathematical description includes such con-
siderations as landing gear dynamics, tire elasticity,
brake torque response characteristics, antiskid e¢lectronic
circuitry, brake hydraulic control system dynamics, runway
surface profile and tire-to-runway friction characteristics,
Both on~-off and 'modulated" antiskid systems are analyzed.
Procedures for quantitative evaiuation of the influencing
parameters and examples of their usage a.e also presented.
The implementation of the analytical prediction procedure
by simultaneous solution of all the mathematical equations
on an electronic computer is described,
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SECTION 1
INTRODUCTION

An antiskid system is provided as a part of the landing
gear wheel brake control system of most large aircraft,
particularly those having full power brake actuation.
Aircraft operational experience has shown that an anti-
skid system is required because there are many occasions
where the maximum availatle friction force between the
tires and runway surface is insufficient to react the
applied brake torque. For ceses where excessive brake
torque is applied the antiskid system functions to control
tire motion so that 3kids are prevented and so that the
associated problems and hazardous circumstances which are
detrimental to safe, predictable and economical aircraft
operation are avoided. The antiskid function is accom-
plished by a group of ancillary components which provide
an automatic means for detecting and alleviating an
incipient tire skid condition by controlling brake torque.
An incipient skid is alleviated by temporarily reducing
brake torque to a value less than the torque heing produced
by the friction force at the tire-runway interface. Brake
torque reduction is sustained for a time interval of suf-
ficient duration to allow the wheel to regain speed. After
the wheel has regained speed, brake torque is reapplied.

The reduction and Subsequent reapplication of brake
torque results in an oscillatory braking force being applied
to the airplane. This oscillatory force has the potertial
for causing adverse dynamic loading of the airplane struc-
ture, for causing directional control difficulty and for
degrading the aircraft's stopping performancc. Therefore,
the antisk’d system must control tire motion in a way such
that objectionable or unsafe conditions other than those
related to tire skidding are not incurred. The need for
evaluating the potentially deleterious effects of an oscil-
latory braking force is now recognized because there have
been a number of instances where failure to do so has
resulted in severe operational difficulty and ir some cases
catastrophic landing gear failure.

The objective of this study is to develop analytical
procedures and techniques for predicting aircraft antiskid
operational behavior and its effects. These analysis




techniques are intended to help overcome some of the pre-
viously experienced problems or uncertainties and to
provide a foundation for a comprekensive evaluation of
aircraft antiskid performance and total system compati-
bility. It is also intended that these procedures be
capable of application during the conceptual design phase
of new airplanes. In the initial design of a new airplane
the capabilities of various candidate equipment which might
be used for stopping during the landing sequence or
rejected takeoff should be evaluated with respect to the
airplane's mission requirements. Factors such as stopping
performance, weight, cost and reliability should be consi-
dered when the influence of the braking equipment is being
examined to establish the overall effect upon the aircraft's
configuration. In such an evaluation, the performance of
the wheel braking system, including any applicable antiskid
equipment, is a major consideration. Use of an analysis
procedure whereby the effects of antiskid operation can be
accurately predicted provides the means for minimizing the
technical and financial risks of both the aircraft msnu-
facturer and the aircraft user. Inaccurately predicting
the wheel braking system's performance can result in an
airplane design unsuited for its intended usage, a costly
redesign program, or both.

This study mathematically describes the physical oper-
ation of antiskid equipment in conjunction with the airplane
and its other applicable components. The basis of the
mathematical relationships is the description ot actual
(or conceivable) hardware behavior rather than a compilation
of equations relating various parameters in a desirable or
compatible manner without regard to detail design features.
This approach is taken to assure all influencing parameters
are accounted for and to provide criteria for equipment
detail design and test. Also, by examining the individual
component behavior, the evaluation can include such consid-
erations as cost and weight along with performance charac-
teristies.

The essence of antiskid operation is the cumulative
effect of a number of successive events, where the inter-
vening occurrences and outcome of each is influenced by and
dependent upon the conditions resulting from preceding
events. Since these events occur quite rapidly and involve
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the behavior of the aircraft and many of its components,

the instantaneous condition of a very large number of
variables must be continually maintained with high accuracy
so that they are available when needed. Consequently, one
of the major problems associated with analyzing antiskid
operation is the magnitude of the computation task. It
will be noted that the study has analytical compcnents
encompassing several engineering and scientific disciplines
such as electronics, aerodynamics, mechanics and hydraulics.
Each of the individual analytical components is often
deserving of considersble more elaborate and complete
treatment. However, to provide an economically feasible
and comprehensible composite solution, the scope of the
individual analytical components has been limited to account
for only tuose effects or influencing factors which are of
traditional interest and which are required to achieve
reasonable agreement between observed operational behavior
and analytical results.
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SECTION II
ANALYTICAL APPROACH

The analytical approach of this study is directed
toward predicting the existence of adverse circumstances
which have caused varicus problems in the past and toward
providing information which is typically needed to estab-
lish detail design criteria and to define aircraft operating
procedures. Specific consideration is given to providing
the means for:

(a) Establishing the magnitude and frequency of dynamic
loading applied to the landing gear.

(b) Establishing the value of the braking force which can
be predictably and dependably achieved for verious
runway surface and aircraft operating conditioms.

(c; Determining individual component s.d system operational
characteristics which are required so that overall
aircraft performance objectives are achieved.

(d) Establishing the effects of varying performance
characteristics of individual components within the
brake control system to assure no incompatibilities
exist.

1. PROBLEM DEFINITION

Figure 1 is a block diagram showing the typical
arrangement of an antiskid system and its relationship
within the total aircraft system. This arrangement is
representative of most antiskid systems in current use
and the vecrious types of airplanes on which they are
installed. The major components, the significant forces
and their controlling elements are shown for a single
wheel main gear configuration of a nose wheel type air-
plane which is the usual case for fighter type aircrafc.
For airplanes having multiple wheeled landing gears and/or
multiple landing gears the same basic relationships prevail
with the addition of similar type components as appropriate.
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Antiskid systems usually operate by measuring a
wheel's motion, comparing the measurement to an index
of acceptability and causing brake torque to be decreased
or increased in accordance with some function of the dif-
ference between the measured motion and comparison index.
A detailed description of the operational behavior and
influence of the individual elements is presented in
Section III.

Since antiskid operation is btasically the control of
tire motion and since the motion of a tire is determined
by the forces imposed (the same as for any other object)
the study of antiskid cperation resolves itself into (1)
defining the forces on the tire and wheel and (2) estab-
lishing the resultant effects of these forces. It is
easily observed that the forces acting upon an airplane
tire and wheel are the forces between the tire tread and
runway surface and the forces from the airplane's landing
gear and brake. The values of these forces are established
by the wheel's relative position and relative motion with
respect to the runway surface and to the airplane. The
wheel's relative motion and position is determined by con-
sidering simultaneous and interrelated actions of the
aircraft and a number of its systems. The effects of the
following parameters are considered in this study.

(a) Tire circumferential deformation and its rate

(b) Tire radial deformation and its rate

(c) Brake torque as a function of velocity, the brake's
inertia, and actuation pressure

{(d) Brake actuation pressure as a function of the
actuation media's compressibility and inertia, line
restrictions and elasticity, variable flow areas
within valves and the actuation media's containment
vessels' (lines, brake housing, valve bodies) volume

(e) Elastic and inertia properties of the landing gear

(f) Aerodynamic forces upon the airplane

(g) Runway surface profile

(h) Tire-to-runway friction coefficient as a functior of
relative velocity and runway surface condition
including hydroplaning effects

(1) The aircraft's inertia and control surface position
including stability augmentation system effects.

TN



2. BACKGROUND

During the initial design and system development phase
for most new aircraft, it has become & customary practice
to analyze antiskid operation to define its effects and
thereby assure compliance with the airplane's stopping
performance objectives and assure adverse dynamic loading
conditions or directional control problems will not be
encountered. These analyses have usually been accomplished
by utilizing a set-up composed of hardware representative
of aircraft components interfaced with an electronic com-
puter (most often an analog computer). The computer is
used to solve mathematical equations describing the motion
of the aircraft and the landing gear, forces on the air-
craft, tire and wheel motion and tire-to-runway friction,
etc. The actual behavior of a laboratory set-up including
such components as the antiskid control circuit, hydraulic
brake valves and interconnecting lines is measured by
suitable instrumentation and fed into the computer to obtain
a composite solution. This analysis procedure is used
because a complete mathematical computer setup requires
greater computer capacity than is usually available and
because an accurate mathematical description for some com-
ponents such as the electronic antiskid control circuit is
often unavailable.

Some antiskid analyses have been performed using an
"all mathematical" approach; however, these have usually
been associated with academic endeavors or a comparative
evaluation of a spccific device and did not account for
all of the known signiticaut influencing parameters and
constraints for an actual aircraft antiskid sytem instal-
lation. While the hybrid hardware-computer analyses have
often satisfied their objectives, several factors have led
to a number of uncertainties for which the bounds are not
adequately established, either because of great difficulty
and expense or because of inadequate knowledge. These
uncertainties tend to obscure the analysis results and
generally detract from their credibility. The most signi-
ficant factor causing uncertainty is that the usual
definition for the friction force between the tire and
runway surface does not account for all the observed
variations. A second factor is the enalytical limitations
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associated with the use of actual hardware. The use of
actual hardware dictates that the analysis be performed
"real time" and complicates or prevents examlnation of
some parameter variations. Since some parameters have
a very high rate of variation with resy=ct to time, the
outputs from a "real time" solution can .e extremely
difficult to observe and interpret. Also, the instru-
mentation used to interface the havdware with the computer
introduces additional variables to an otherwise very
complex system. This study is intended to provide the
means for overcoming these problems and for minimizing
uncertainty.

3. ANALYTICAL PROCEDURE AND RATIONALE

The evaluation of antiskid operation is conducted
using a modular analysis technique whereby the problem is
divided into a number of modules or component parts, each
having defined inputs and outputs such that the outputs
from one or more components are provided as inputs to other
components. By combining all the analytical components, a
composite simultaneous solution is obtained. The analytical
modules are formulated so as to correspond to various air-
craft components or systems. The modules can be arranged
in a number of combinations representative of a variety of
aircraft configurations. In addition, the modular approach
allows maximum computation flexibility in that changes can
be made within individual modules without affecting the
overall analysis program. The predominate influencing
factors governing the choice of each analytical component's
content and treatment are experience and judgment as to the
degree of detail which is required to accurately establish
the timing or relative sequence of significant events. tLach
analytical module is formulated so that particular effects
or circumstances can be examined and so that its outputs
will supply the information needed as inputs to ocher modules.
It will be noted that some relatively insignificant para-
meters must be considered to achieve mathematical continuity.
To exemplify the analysis procedure antiskid operation for
a fighter type aircraft having a single wheel main landing
gesr arrangement is evaluated. All of the analytical com-
ponents, except for the antiskid control circuit, are
expressed in general terms and could te applied to almost
any airplane. The antiskid control circuits considered are
those specifically utilized on the F104 and the F-1l1.
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" For the case of the F~104 on-off antiskid control circuit,
the wheel speed input signal is arbitrarily adjusted to
account for the difference between the F-104 and F-111
tire sizes. All parameter values used to prove the validity
of the analysis procedures are those associated with the
F-111 airplane so that the analytical results can be com-
pared to available records of actual aircraft operation.
To analyze other control circuits will require that their
mathematical models be formulated and incorporated in the
compcsite solution. The detail assumptions and procedures
for establishing parameter values are presented in

Section IIiI within the description of each analytical
module.
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PARAMETER INVESTIGATIONS

The basic intent of this study is to account for the
influence of parameters and effects which have been
identified as responsible for previously experienced
operational difficulties or which are otherwise known
to significantly affect antiskid performance. Such
items as tire radial end circumferential spring rate,
the characteristics of brake torque variations with
velocity and actuation pressure, brake chatter and
squeal, hydraulic system response as affected by line-
sizes, component flow restrictions and metering valve
characteristics, the airplane's response to aerodynamic
forces and runway roughness, landing gear elastic
characteristics and the characteristic of the tire-to-
runway friction force variations are given particular
attention. The treatment of most parameters is that
which experience has proven gives satisfactory results,
However, to overcome somne previous antiskid evaluation
analytical difficulties associated with tire-to-runway
friction and hydraulic system operation and to examine
tlhie effects of brake chatter and squeal, some prelimi-
nary investigations were conducted.

A. Brake Investigation

Since an antiskid system controls brake torque
implicitly by controlling brake application pres-
sure, the hysteresis in the brake's torque response
to pressure changes must be accounted for. This
hysteresisresults from inertia of the brake moving
parts, friction forces on the artuating pistons due
to hydraulic seals and piston vide loading, and
from friction in the splined connections between
the brake discs and the wheel and between the
discs and the torque tube, To evaluate a typical
brake's torque response to rapidly changing actua-
tion pressure and to briefly investigate brake
chatter and squeal effects, a relatively complex
six-degree of freedom brake mathematical model was
initially formulated. 1In this aodel six discs were
treated as separate masses with individual axial
position, velocity and acceleration computatiom,
non-linear keyway and piston friction as a function
of axial velocity, non-linear brake lining friction
as a function of rotational velocity, and variable

10




elasticity to simulate the effects of disc warpage.
The model was gset up on an analog computer and sub-
jected to step input pressures and to sinusoidal
pressure oscillations of various amplitudes and mean
values at frequencies from 10 cps to 1000 cps. The
computer setup also included rotational and longitu-
dinal elastic deformations within the tire and brake
supporting structure. The set up was operated at
1/100 real time and at a number of aircraft veloci-
ties. By suitable choice of elastic, damping and
friction characteristics, both chatter and squeal
were produced at low aircraft speed. Using a key-
way friction coefficient varying froum 0.15 at zero
velocity to 0.10 at high velocity, it was found that
the brake torque oscillated in response to oscillat-
irg pressure at all frequencies up to 1000 cps. At
low brake rotational velocities (20-40 rad/sec) with
low frequency pressure oscillation where the minimum
pressure was the value for full brake release, the
brake torque oscillation had considerable deviation
from a sinusoidal variation. The phase lag between
instants of maximum torque and maximur pressure varied
from 15-20 degrees at 10 cps to 40-50 degrees at 100
cps to 110-150 degrees at 1000 cps. The oscillatory
component of the brake torque exhibited appreciable
attenuation at high frequency such that the amplitude
at 1000 cps was about 20 percent of the 10 cps ampli-
tude with constant pressure amplitude. Even though
there was .noticeable phase lag in the pressure-torque
characteristic, it was found that throughout the 10-
1000 cps frequency range there was no appreciable
phase difference between the displacement, wvelocity
or acceleration of the individual discs. Therefore,
a simplified model was formulated where all the discs
were treated as a single mass. The simple model was
set up and tested on the analog computer where its

torque response to varying pressure was confirmed to
be identical to the more complex model. The more

simple brake mathematical model is used in this study
ard is described in Section III. A significant and
somewhat unexpected finding of this investigation is
that a typical airplane brake can be expected to have
appreciable torque response when subjected to pres-
sure oscillations in the 100-200 cps frequency range

as might be associated with a hydraulic line resonance.
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B. Tire-to-Runway Friction Investigation

The usual and relatively arbitrary function relat-
ing coefficient of friction to tire or wheel slip
ratio has been used in most prior antisxid analvses
to establish the tire~to-runway friction force.
While there are many circumstances where the slip
ratio approach is adequate for examining most of
the aspects of antiskid operation, a number of
difficulties and undesirable effects are associated
with it¢s use. A major analytical problem is that
examinaticn of antiskid operation at low aircraft
speed is prohibited because the slip ratio compu-
tation would require division by zero. 1In addition,
the large differences in the friction coefficient-
slip ratio characteristic variation which have been
observed for changes such as aircraft speed, » ..way
surface condition and tire properties lead to a
number of uncertainties, particularly with respect
to stopping performance predictions.

To satisfy the objectives of this study, it was
considered necessary that a mathematical description
of the tire-to-runway friction coefficient be used
which would not have the above undesirable qualities.
To deveiop such a description, several hypotheses were
formulated considering the tire's elastic deformation
and its response to ground friction forces. Effects
such as tread stretch, tread circumferential displace- [
ment and variation of re=lative velocity between tire !
tread particles and the runway surface throughout the
footprint were examined mathematically. Because of
the extremely complex nature of a tire's elastic
behavior, these examinations quickly lead to an
analytical task at least equal to the scope of the
entire antiskid study. Even though this subject
deserves further investigation, a more simple hypo-
thesis accounting for most known variations and
effects was adopted to comply with this program's
objectives, For the purpose of this analysis, it

is assumed that: (1) the tire tread is a perfectly
flexible inelastic belt with radial and torsional
elastic attachment to the wheel., (2) All tread
particles within the footprint have the same rela-
tive velocity with respect to the runway surface

and the coefficient of friction between the tire
tread and runway surface is a function of relative
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velocity. (3) The function defining the friction
coefficient variation with relative velocity is that
established by testing a tire in a full skid.

A description of the tire and wheel mathematical
model utilizing these assumptions is contained in
Section III. The equations listed show that the
relative velocity between the tire footprint and
runway surface is determined by computing the tread
belt's C. G. (center of gravity) translational
velocity component parallel to the runway surface

and the angular velocity of a polat on the tread

belt about the C. G. The iootprint horizontal velo-
city component relative t the C. G. is computed from
the angular velocity and an apparent rolling radius.
The apparent rolling radius is the unbraked rolling
vadius plus a fraction of the tread belt's C, G,
horizontal displacement with respect to the wheel's
rotational axis. The net footprint velocity rela-
tive to the runway surface is then the sum of the |
tread belt C. G. translational velocity and the :
velocity of the footprint relative to the tread belt !
C. G. The mathematical expression for friction E
coefficient as a function of relative velocity is of
exponential form with coefficlents chosen to fit test
data.

This model was set up on an analog computer and
examined statically and dynamically. Statically, the
friction coefficient versus slip ratio (with respect
to the wheel) characteristic varies with axle velocity
in accordance with observations. This observed
variation is that the slip ratio value associated with
maximum friction coefficient is greater at low axle
velocity than at high axle velocity, and the value

of friction coefficient at maximum slip ratio
decreases as axle velocity increases. Figure ZA

shows friction coefficient versus slip ratio (with
respect to the wheel) recorded dynamically during an
analog computer run with an ON-OFF antiskid system.
Figure 2B ir a similar curve recorded dynamically
during wheel spinup from a full skid. For both cases
shown on Figure 2 axle velocity 1is constant.
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c.

Hydraulic System Investigation

From experience gained in conjunction with practi-
cally all antiskid development programs, it is
generally accepted that one of the more predominate
influences upon antiskid operation and aircraft
stopping performance is the time lag between the
antiskid control device's command for a brake tor-
que change and the actual brake torque response,
Hydraulic flow restrictions and the response charac-
teristics of che antiskid control valve and other
hydraulic system elements are responsible for most
of this time lag. In an attempt to minimize the
effects of the time lag many antiskid control de-
vices actually issue commands in anticipation of a
predicted circumstance, Confident prediction of
antiskid overall operational effects including the
resultant airplane stopvoing performance requires
that the hydraulic time lag be accurately accounted
for. Therefore, to comply with the objectives of
this study, a preliminary exploration was conducted
to establish a suitable mathematical model permitting
evaluation of antiskid conirol valve and pilot's
metering valve response characteristics and such
effects as hydraulic line resonant oscillationm,
During these explorations the operation of the
pilot's metering valve, antiskid control valve and
the hydraulic line connecting the control valve to
the brake were examined., In each case several
different mathematical descriptions were formulated
and investigated on an analog computer,

For toth the pilot's metering valve and artiskid
control valve mathematical descriptions accounting
for all component characteristics of an actual phy-
sical device and simpler descriptions eliminating
spool mass considerations were examined, While by
suitable choice of parameter values either mathe-
matical model can produce an accurate description,
the second order equations resulting from consi-
deration of spool mass cause analytical difficulty
because the inrertia is very small in comparison
with hydraulic pressure and spring forces. These
very high gain second order systems necessitate very
rapid integration; therefore, using the '"'massless"

first order equations is highly desirable to achieve
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computation economy. In Section III the pilot's
metering valve description (a part of the hydraulic
system) is the simpler first order system while the
control valve equations account for spool mass.
This anproach is taken to permit easy recognition
of the relationship between the control valve's
physical construction and its performance charac-
teristics, While bhaving the same facility for the
metering valve is desirable, it was considered ana-
lytically too extravagant. A metering valve having
satisfactory performance,by whatever physical means
it is achieved, will exhibit behavior in accordance
with the "massless' equation,

To explore hydraulic line resonant oscillation and
"'water hammer' effects, a ten element hydraulic
line model (ten degree of freedom) was initially
formulated and examined on an amalog computer with
On-0ff antiskid operation at one hundredth real
time. This model produced very excellent results;
however, the low intensity of the higher frequency
harmonics (above 100 cps) showed that a more sim-
plified model would probably be satisfactory.
Accordingly, a single degree of freedom model wes
formulated and tested in the same manner as the

ten element model, For the purpose of antiskid
evaluation, the single degree of freedom model gave
satisfactory results ard is described in Section III.

16
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SECTION III

DEVELOFPMENT OF MATHEMATICAL MODELS

This section is devoted to the exposition of
mathematical models for each of tie following total
system components:

Brake System

Hydraulic System
Airplanz System

Wheel and Tire System
Wheel Speed Sensor
Antiskid Control Circuit
Antiskid Control Valve
Horizontal Tail Control
dunway Systen

OO0~ BN

For some of the system components alternate models are pro-
vided, These alternate models arwe listed alphabetically
within each section. For exawple, 3a describes ar airplane
system modeled as a laboratory flywheel, 3b describes an
airplaue which has three degrees of freedom, and 3c describes
an airplane with six degrees of freedom. Each component
model is discussed as a self-contained unit without any
particular reference to the total system and each model, in
general, cnntains its complete mathematical description such
that it is essentially immune to changes within other models
of the total system.

Format and Convention 'Iseage

The presentation of the various sytems follows a common
format. Each system discussion begins with an introductory
explanation of its function or its characteristics relevant
to antiskid operation. Following this introduction is the
main bedy of the discussion under the heading, "A. Mathemat-
ical Descriptiou,' containirg the derivation of the equations
that describe the system Jdynamically. This section is con-
cluded with an equation flow diagram snowing the relationship
among the various system equations. A final discussion
follows under the heading, "B. Perameter Evaluation,' which
sets forth methods of determining the values of the constants
appearing in the system equations. The system presentation

17
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closes with a "Table of Par-necexs' which lists all of the
system variables and constauts

The flow dlagram which anpears at the end of Section A is
provided principally as an aid in thie preparation of the
digital cowputer program which solves the system equations.
This flow diagram could also be used for an analog solution
although other flow diagram arrangements would be more
efficient for that purpose. The following conventions apply
as to the usage of the flow diagrams: The triangles outside
the enclosing phaniom line denote variables which are uvsed
as inputs and outputs to other systems. The numbered
rectangles refer to equations within the system. As an
example, in Figure 5 the rectangle numbered 9 indicates

that Ter is a function of «# and s and that the equation
that gives the exact relationship is equation 1.9. No
constants are shown in these diagrams. The triangles
denoting integrators do not always contain an equation
number. If the input to an integrator is Xr and its output
is A¢ , then the equation is implied. Thus, as in Figure 63,
if the input to an integrator is R4 and the output is R4,
then the equation .«¢=fRedt , or equivantly, «ee = R,

is implied. Because of the size of the six degree airplane
system, the flow diagram in Figure 32 is slightly different.
Its use is strictly limited to the digital program generation.
It says that all equativns within one block must be written
before proce 1ing to the next block. Thus, the first vari-
ables to be solved for are Zsw, Zsw, Youn -+, Swmr . After
this Fw, Fuv, , Zcur are sclved for.,

After this XRHL , Kese 57", Fun ete.

The "Table of Parameters" is a listing of all variables and
constants found in the eguations of that system. Each
variable is identified by its symbol, description, units,
and "Type." The "Type" is listed as v, v(i), and v(o)
depending on whether the variable is only used within the
system, is received 3s an input from another system, or is
an output to another system. Each constant is identified
by its symbol, units, description, "type,' and value. The
"type' for each constant is always ''¢" and its value is
that used with the F-111 antiskid system.

Table 1 1lists the mathematical conventions utilized
throughout this study.
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Table 1 Explanation of Mathematical Convention

Convention Descripticn

# A dot over a variable denotes
differentiation with respect to time

Computer All variables are expressed in a
Notation form to harmonize with Fortran
character utilization. Thus a
vaviable Wy would appear as WTE
Alsc, in general, the following
practice is adhered to. If X,r

is a variable, then XTT is its For-
tran form, The symbol for Xir is
XTTD. The symbol for X,r is XTTDD.
The initial condition is denoted by
adding 0 (zero). Thus X;r at time =
0 is denoted by XTTDO .

Zep<=> The brackets "<, " are used exclu~
sively to denote the position of a
function argument. The script
is used to denote an arbitrary
variable. The parentheses '"( )"
are normally used to denote multi-

plication.
Parameter Within each table of parameters is a
Type column which lists the parameter
"t)’pe. L]]

v a variable
C a constant

v(c) a variable used as output to
another svstem,

v(+) a variable received as an iriput
from another system.
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Table 1 Explanation of Mathematical Convention

Convention Description

L,1.6,0,2. % For symbols appearing in equations
2aTema the following conventions are used.

I = Capital "i"

| = One

& = (Capital "Oh"

O = LZero

Z = (Capital '"zee"

2 = Two

© = Greek letter '"Theta' but is

treated in Fortran as capital(.

|Tb1| Placing a parameter symbol between two

‘ vertical bars denotes the absolute value
of the paramet~r. The absolute value of
a signed number N is defined as N when N
is positive and as -N when N is negative.
For example: |3| =3 and |-3] = 3,

M\NS_X.,X._,"X“,C,} The braces preceded by '"MIN" or 'MAX"
¢ " ' denote the value of the least (or
largest) of the constant or the para-

mﬂxgx',xﬁg" Xn, C.} meters enclosed within the braces.

20




1. BRAKE SYSTEM

The conventional airplane brake consists of a series of
discs which are alternately stators and rotors. The stators
are restrained from rotating about the axle by splines or
keyways. The rotors are similarly connected to the wheel
and hence rotate with the wheel and tire. The brake torque
is produced by axially compressing the disc stack; usually
by hydraulically actuated pistons. Many brakes use return
springs to release the brake stack against the return pres-
sure of the hydraulic systen.

A. Mathematical Description

In this analysis Xpwill denote the brake piston linear
displacement. The plstons, rotors, and stators are treated
as a single mass system in the axial mode ( X¢ direction).
The forces acting on the brake mass in the axial mode are:

a. Brake actuation force: equals(brake pressure) (piston
area)

b. Force due to axial restraint

c. Keyway friction force

d. Brake piston seal friction force

e, Brake return spring force

£. Brake piston bottoming force

Figure 3 shows the brake system and the forces acting in
the axial mode. Each of the axial forces is established as
follows:

a. Brake Actuation Force

The brake actuation pressure Fa is received as an input
from the hydraulic system. The brake actuation force is
given by Fg Asr , where Jge 1s the total brake piston area.

b. Force due to Axial Restraint

The axisl restraining force reflects the elasticity in the
brake discs, the back plate, and the piston housing and is

a function of their cumulative displacements. A way to

derive this characteristic is from a curve of brake volumetric
displacement vs. brake pressure. This characteristic does

not include friction or returr spring effects.
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Let Fp denote the force due to axial restraint. And
defined by

(1.1) F = fg+ Foz
(1.2) ={Ca,<xp-s,,) + Dgy Xp i+ Xp2 Sy,

) it Xpe S,
(1.3) Fae ‘-‘{Csz (Xp = Sgz) + Dnaxp i+ Xp= Sg,
) i+ Xp < Sg;

c. Keyway Friction Force

be

Let the keyway friction characteristic be defined by a function,

Gg , where:

(1.4) Ge = [ 1.0 iF Xp 2 Vg
Gem + (1= Crm) Xp/ Ves 1§ Ves > Xp> 0
0.0 i+ Xp = o0
~Grm t+ (1-Gem) Xp/ Ves i3 0> xp? Yes
-0 i+ “Ves 2 Xp
wheel> ~

)

brake housing\ — Keyway
KF
“— Top

Roe piston seal
FaAgp™ e
3 = o
Fuﬁﬁrake piston \FQ
1 e hydraulic fluid
Rer
f—brake dises (disc stack)
SHHHAHHH M|

S AXLE
YKXL

Figure 3 Forces Acting on the Brake Discs
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Figure 4 shows Qrf as a function of Xp

1i Gp

Gpm \\\\\\h

O {
|

\\\\\ Vs

—

Figure 4 Keyway Friction Characteristic

The brake torque, 7sr ,is tranferred to the wheel and tire
through the rotor keyways. Torque, Tev, is also
transmitted to the axle., The major portion is transmitted
through the stator keyways. The remaining portion of the
torque is transmitted as piston side loading which results
from friction bYetween the pistons and the pressure plate.
Let 100 Hey denote the percentage of brake torque transfer-
red through the stator keyways and let 100 Hez denote the
percentage of torque transferred thiough the pistons.
Naturally, He: +Hez =/ The normal force on the
stator keys is thus He|Ter| /Rer ,  while the normal force
on the rotor keys is U%rh/Raa The total keyway friction
force is then given by

(1.5) Fir = |Ter| Ge Ak (J‘/m/ﬁaz + !/Ese)

d. Brake Piston Seal Force

Let Foz denote the seal frictim force. Then

(1-6) Fog = GF (Hm-'c. + Heorp Fa + ,Tﬂflﬂm’ HBZ/RGT>
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e. Brake Return Spring Force

The piston return force Fer 1is given by

(1.7) Fern= Fare + Car Xp

f. Brake Piston Bottoming Force

In the brake released condition, an axial force is
developed between the pistons and housing to balance
return spring preload. This piston bottoming force
is defined as:

(1.8) Fe= {- Ces (Xe - Se8) - Dsa Xe For Xe < Ses
o ForR X¢~>Seg
This concludes the discussion of the axial brake forces.

Let Kv2 be the number of rotors. Let Wa be the
relative angular velocity between the rotors and stators
as received from the wheel and tire system. The brake
torque 7gr is then given by

(1.9) Ter = 2Rur Fg Rer s
Where «» 1is:

-ug Vg

(1.10) oo = (tfe, 7.et02 @ If Vgro
o " 1E I/g o]

-
~ ey ~itgz € 0 ° 15 Vg<O

Where Vjz is:

(1.11) Va=- Rgr Wj

Summing the forces in the axial direction yields:

(1.12) ‘\AMge )'(-p = PoHor -Fo-Fxe -For -Fer +Fag

In Equation (1.12) Wee is the brake mass which experiences
axial motion. Generally, Wés is the brake heat sink mass.
Figure 5 shows the relationship of the brake system
equations. Table 2 lists the system parameters.
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Figure 5 Brake System Equation Flow Diagram
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B, Parameter Evaluation

Figure 6 shows a plot of brake piston displacement as a
function of brake application pressure for a new brake.
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Figure 6 Brake Pressure Volume Characteristic

Assuming that no frictional effects are
present, Cpg and Ca, can be derived as follows:Since the initial
slope is due to spring return force only, then

(1.13) Cag =(%€) At =(?_2)(13.3)2 = 8850 Ib/in

From the other slope on the curve,

2
(1.14) Cy, =(£)A§, =(ﬁ£9)(‘n3.3) - 8850 = 4.20%10° b/in
AV -4

For a new brake Cp,=0.
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Assuming that the discs all move together, since the heat
sink weight is 138 LBM, then Wse = 138/386 = .358 LBF
SEC2/IN. The natural frequency is then w/, = Y&/ m

oR Wn= TCezx10%)f(.358) = 1315 RAo/Sec

Assuming that 77 = .0l (see page 117},

(1.15) Der= 7Ce - (o6.2x109) = £7/ /br sec/m
&n (/2/5)

It 1s assuried that Xp = () when the brake pressure is 100
psi. Thus

(1.16) Fape = Adr Po= (/2.3)(/100) = /3720 /b6F

3

Since the brake piston displacement is 1.55 IN~ before the

brake discs come into contact, then S& = 1.55/13.3 = ,1165 in.

Since the F-111 brake has 8 stators with 14 rubbing sirfaces,
Hei cannot be greater than 1/14., A conservatively high
value of Ha = 05 has been assumed and it follows that

Hez = .95.

The brake piston seals are equivalent to MS28775-219. The
seal friction force is established using the procedures
described in Reference 4., The seal sliding friction force

is a function of rubber compound hardness, amount of in-
stalled compression, length of rubbing surface, seal groove
projected area and applied hydraulic pressure. For the
MS28775-219 size seal having 10 percent installed compression
and 70 degree Shore A hardness the sliding friction force is
2.88 1bf plus 0.02 1bf per psi applied pressure per seal.
There are 10 pistons in the brake housing; therefore,

(1.17)  Hore

(1.18) Horr

Conservatively high values for the friction coefficients 4«
and «xe are estimated as &x = .15 and «xe = .10. GFM is
estimated to be 1.50.

(10)(2.88) = 26.8 |bF

(10)(0.02) = O.20 ibt/Ps/

Values for the following brake dimensional characteristics
are then from the appropriate brake component drawings:
RB-[ = 4,40 IN, RBT = 6,25 IN, and RBD = §,25 IN.
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Observations of braking stops indicate that for an
average F-111 brake lining,

ug‘ = ,15
uaz = .10
%g = .03 SEC/IN
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2. HYDRAULIC SYSTEM

The hydraulic system is the brake actuation power source
and is made up of the four components as shown in

Figure 7 : the pilot's metering valve, the antiskid con-
trol valve, the control line, and the brake piston housing.
The pilot's metering valve is a pressure regulator, usually
having a mechanical input, which has & steady state output
pressure (Pmv) at a level commanded by the pilot (Pcom).
The antiskid valve is a pressure regulator which has a
steady state output as dictated by the antiskid control
device, For a modulated antiskid system, the control valve
is a variable pressure servo type regulator and for an
ON-OFF antiskid system the control valve is an ON-OFF valve,
The control line is simply the fluid transmission line or
containment vessel connecting the control valve to the
brake housing. The brake htusing is a collection of
cylinders and pistons which act to compress the brake discs,
From a hvdraulic systam aspect, the control valve is a
variable area oriiice, where che orifice area is a function
of spool position., The control valve spcol position is
received as an input from computations described in a
section dcvoted to the operation of the controi valve,

In the description of the brake actuation system, there are
two principasl effects which should be accounted for. The
first is the time lag which exists betweeu the control valve
output pressure (Pcv) aud the actual brake pressurc (Pb),.
This lag is caused by the fluid's resistance to flow due to
inertia and friction and by the brake pressure's dependence
upon fluid volume within the pressure cavity. The second
effect is the instantaneous brake pressure intensity as
influenced by fluid inertia and the combined elasticity of
the fluid and the pressure cavity. Rapid valve operaticn
can cause pressure overshoot and oscillation du= to

"water hammer'' eifects. This overshoot can cause excessive
brake torque and may interfere with proper control valve
operation. The pilot's metering valve pressure drop and
response characteristics are included in the actuating
system description so that these effects upon antiskid
operation can be examined. To allow for & variety of brake
actuation systems which might be encountered, provision is
made to accommodate both hydrsulic and preumatic actuation
media, The line connecting the control valve and the brake
can be treated as a separate fluid cavity or the effects of
its volume may be lumped with the brake as would be appro-
priate for a short line.
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A. Mathematical Description

Figure 8 is a schematic of the brake hydraulic system.
The analytical procedures of References 5 and 6 are
utilized to mathematically describe the system.

Let Pcoy denote the brake pressure which is commanded by
the pggot and define Pggm such that it increases from a

minimum value, Pr, (reservoir pressure) to the desired steady
state value Ppp, as a linear function of time over an
interval, Tgp, as follows:

(2.1) Rom = T(Pcp—PR)//EP +Fr tF Oé'r-‘eTc':P
Pee e Tee<T

The metering valve attempts to maintain P,,, at the level

of Ppgy. The metering valve spool displacement Xyy is
defined by equations (2.2) and (2.3).

(2'2) VMV = ,'nV /fac‘om '/am.l/)

(2 3) XMV /mn/{ o, VMV 1F Smvy & Xmv
Vv VE Shave < Xemv £ Smw
nMKZO va} iF Xmv € Smve

; Let $<X,Y) be a function defined as follows:
| (a) For hydraulic fluid
| (2.4)  F<x, v = s (-9 Vx-Y[
(b) For compressible pneumatic fluids
: (2.5) w x>y and X 2Y/Rerir  waeee Rewr = [2/(3a+) T%
! b<xyy = x[i=Rear 2] /[ (Rewr*]

FX2Y and X # Y/Rc&rr

B<x V) = x[1- { /x)ﬁ_'] /(/

F Y2 X and Y £ X//?crm'
G(x, = -g<yxy
WwY2>X and Y2 X/Rcﬂﬂ'
PCX, Y = -gLY, XD
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Let Ap(x) be defined by:

(2.6) Any<r> = {Amvo , L&x—;-é,,wo
ma"{ AN)VL, x Amv:-/ vao} d x< O Myo

Let A,,. and A, be defined by:
(2.7) Apivs = Apv i Xpy?
(2.8) Amve = Amy < Koy
Then
(2.9) Gs = Apns $<R, B
(2.10)Gp = Anve ¢4 Ty, Y
Let Viyy be the fluid volume from the output of the meter-

ing valve up to the input of the control valve.
Then

2.11) Py = (Buuw/Varn (s -Gz - Gray +Gevr)
Let A.y(x) be defined by:
(2.12) Acyviax) = {Acw v o @u;:ﬁim
max { Acvi, x Aeve/Seved (8% < Savo
Let Acvy aud A.,; be defined by
(2.13) Acvs = Acv < Xay =Sy
(2.16) Acvie = Aev<=See - Xev 2
Then
(2.15) Qmv = Acvs @< Py, Pev?
(2.16) Qecve = Aeve #< Py, Pevie 7
(2.17) ‘5(- ve = (Bevr 7 Veve HQeve ~Gre *Gevz )
(2.18) Gec = Ape ¢ LPve, P2

e e T 'w‘m‘-‘?%’&'*{ﬂ"‘, ‘?_‘J:I""& \‘t"'-"'?:'\ '."r- T .'-'.':',"".'"‘.::‘ RN R
N U IO Sk B T R TR O I T - - w O, SN - D e o T o Rl b R~ O g -
A KA SRR T T T _-‘.\;.\_-.‘:*.\:,.f'..f‘,}"_"..‘ A e P e Al e TN T A AR AR
R GO, W L AL ORI RO T S D G UG SR MR L T Gk LR L VDA, RIS Yk, 8 AT
0 - PR R L e ™) * s m ow S ot &l B ol i o - i o e o = - [ il B s P, Fakk™ Falr” ol i=al I " s 0SS - Py - - - - - T 2T T m -




Tane veiume of the cavity occupied by the brake actuation
media is established by equation (2.19) as follows:

(2.19) Vs = Vso + Ases Xp

Three options for the control line mathematical description
are provided to cover a ivariety of circumstances which may
be encountered. The third option is representative of a
typical aircraft installation and is used in analyzing tae
F-111 system.

Tae first option is for a control line with aydraulic £luid
considering volume effects only. This option will not pre-
dict 'water hammer' but is satisfactory for many cases,
particularly for the cas2 of a short control line 50 inches
or less in length. The following equations describe the .
first option:

AT A L . A T A KK K. X K N Py T e el I,

(2.208)  Qecv = Quv - Qeve + Revz
(2.21a) Py = (Be NVs) (Qecv - Asrs Xp)
(2.222)  Pa; - Pey

| (2.232)  Ps = Pa;

(2.243)  Qp = Qev

The following equations are applicable to the second

option for the control line using compressible pneumatic
fluid,

(2.200)  Qev= Quv - Qeve *@Peve

i (2.21b) Pry = (8s/16) (Qev - e ABP:)‘(P/BB)
(2.225)  Par- Pey

(2.23) Py - Pa;

(2.24b) Qs = Qev

i
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The third option is for a control line with hydraulic £luid
where both volume and inertial effects are considered and
is described by the following equations:

(2 ZOC) @cv— (AEL/f?HosﬂLYI%V fj&[ DRBL@CV“DTBL ch’@ev’)

@2.216) Fov = (8w /vhe ) Gy - Qeve - @ov #@evz)
(2.22¢) fbﬁj = (i&c.//,/ﬂ!.)(QCV ‘Qﬁ)
(2.23¢) Qg = Ao 2< Foz, B)

2.260) Sy = (Bs /i) G - Aorr Xr)

In this study the brake system hydraulic supply pressure,
Pg, is treated as a constant. If Pg varies significantly
due to operation of other aircraft hydraulic system equip-
ment, this variable pressure defined as a function of time
may be used.

B. Parameter Evaluation

For this study the third optional concrol line description
as applied to the F-111 is of primary interest. For this
case MIL-H-5606 hydraulic fluid is used. The hydraulic
fluid properties for a mean temperature of 100°F and 1500
psi are:

(1) Adiabatic bulk modulus: B= 248,000 psi

(2) Density: Awos.781 x 10°% LBF SECZ/IN®

(3) Kinematic viscosity: 4 .0267 IN2/SEC
The system supply pressure is 3000 psi and the return pres-
sure is 100 psi. 1Initially, all flows are zero and all
pressures except the supply pressure are at 100 psi. The
pilot's input command pressure P coM is also 100 psi. The
pilot's input Pggy will go from 100 to 1500 psi in 0.2
seconds. Thus Tpp = 0.2 sec and Pep = 1500 psi.

Metering Valve

When the metering valve spool is centered, the flow area
is essentially zero for both the return and supply lines.
In this spool position Xmv = 0.0, From equation (2.3) the
spool is constrained to stay between Smv and Smvu.
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| For the metering valve, Smve = - ,06 in and Smvu = ,06 in.
Howaver, when Amv is at + .05, the valve area has reached

, its maximum for the flow@:. When Xmv = « .05, the area is
' mavimun for the return flow®Re. Thus Smve= .05, By actual
mea:urement, with the valve full open (area = Amve ) at 100°
F, th: flow is 9.23 in3/sec. at 200 psiAP. Thus from (2.9)
-~ (2.10),

(2.25) Awio = Q/fRP= 443 /7200 =.653 w¥/ec) i)

In the F-1l1 system, the metering valve is situated next to
the control valve so that the volume Vww is quite small,
mv/ was calculated from the valve drawing as being about
1.0 in3, Also, the valve body is considered to be much
stiffer than the hydraulic fluid so that the effective bulk
modulus is the fluid modulus. Thus, B» = 248,000 psi.
Qmv was estimated from analog studies to be about .0S5.

Control Valve

For the control valve, Xev = 0.0 when the spool is centered.
At this point the flow area is zero so that Acve= 0,0. The
flow area remains zero for - .005 < Acv< ,00%. Thus the
valve has an overlap of .005 in. and Se. = ,005. An addi-
tional movement of .030 in., produces full area so Sc¢ve = .030,
By actual measurement at this position at 100°F, the flow

| is 7.7 in3/sec. at 50 psi A P. Thus

(2.26) Aevo »&/TBF = 77/1%0 = 1,090 8%/isec)UIbR ">

The following values are estimates of the return character-
istics of the control valve: Veva = 2.0 in3, Bevr = 248,000
psi, Are = 1.6 in%/(sec)(1b£)1/2.

Control Line

The control line is 1/4 inch outside diameter steel tubing
having 0.14 inch wall thickness and internal cross sectional
area, /8i, equal to .0386 in“. Because of the :hin wall,
the tube elacticity greatly reduces the bulk modulus. The
equivalent bulk modulus,Be, may be calculated from

(2.27) |
o 8y

E
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Where B Fluid bulk modulus

=
]

Young's modulus of tube material
D = Mean tube diameter

Tube wall thickness

ct
']

Thus

(2.28) By (248x106)(.23¢) , , 7, 700

(304’/0‘)(.0/#)

The control/line length, S_., is 191 inches with various
types of flow restrictors according to the following table,

Table 3 Control Line Restrictions

Description K" Value* Number n nk
An815-4J Union .54 1 .54
ANB32-4J Union .54 1 .54
ANB21-4J Elbow (90°) 1.23 4 4.92
AN837-4J Elbow (45°) .89 1 .89
90° Tube Bend .01 12 .12
90° Hose Fitting 1.25 1 1.25
Total 8.26

* . xv%/2g Where V is the velocity in the line.

The "K' values in Table 3 were derived from information
contained in Reference ~

Equation (2.20c) is the result of summing forces on the

mass of fluid in the control line. The friction losses

are depicted by a turbulent flow loss Drer @& and a lami-
nar flow loss Des. Gev It is assumed that all the turbu-
lent flow losses come from elbows, etc., which are listed
in Table 3. The loss due to the line itself is considered
to be always laminar. This assumption of laminar flow for
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the line is justified for two reasons: (1) the loss in
the line is small compared to other losses in the system;
(2) the flow is normally laminar anyway (Reynolds hkumber
is less than 6000 for the F-111 system).

For the turbulent lpsses
(2.29) AP = pgA'h
= KpvyZ
- (kp/24%) @
Thus

(2.30) DraL = K p
2 (/?BL.).L

- (8.2.&)(.7?/4;0”9
2 (,0346)%

= LZ/L JhF Jc’cz///v'g

For laminar losses, at temperatures normally encountered,
the ‘'oscillatory" friction is higher than the steady state
friction. See Reference 9. The pressure loss can be
written as

(2.31) AP = Re (L/A%) &
For the steady state case as shown in Reference 6,
(2.32) RL.=8rr/ov

In Figure 10 values for this theoretical steady state Ry, !
are compared over a range of temperatures to values from
Reference 9 which were experimentally established for
oscillatory flow. Since the hydraulic flow in the brake
control line associated with antiskid operation is transi-
tory, the laminar flow resistance base on experimental
measurements for oscillatory flow is used.
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-100 0 100 300

Temperature (OF)

Figure 10 Hydraulic Fluid Damping Characteristic

From Figure 10 at 100°F R.for the experimental oscillatory
case is 1.5 X 10”4, LBF SEC/INZ

Therefore:

Drge= (R)(Se) = (r.5x107*)191)
(Ao}’ (.0386)%

s 19.22 /bF_)’éC///ﬂ;
When a "lumped parameter" type anal sis as described by
equations (2.20c), (2.2lc) and (2.22c¢) is used for the con-
trol line the resulting natural frequency is somewhat lower
than the actual line, if the actual line volume,\/m., is
used. The value of Ve. is adjusted as follows to achieve
the correct natural fre uency for the ''lumped parameter"
description.

(2.33)
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Consider hydraulic fluid flowing through a line with cross
sectional area, 4, and divided into segments having equal
length, S, as shown below.

K |2

0+ @ : —~ G2 } Q5§
P ————

If each segment is treated as a separate pressure vessel
having volume, V, with a flow in and a flow out, and if

equations of the form of (2.20¢) (2.21c) and (2.22c) are
written for these pressure vessels, neglecting friction,
the following expressions are obtained:

(2.38)  Qa = (AfpS)HA-P)
(2.35) P = (BVNR ~-Qy)

(2.36) P = (B/V)(QRe-4)

By substituting equations (2.35) and (2.36) into equation
(2.34) differentiated once with respect to time the fol-
lowing differential equation is formed:

(2.30) & = (Ap5)(BM) [ (@@ -(6:-@3)]

or

"

1]

(2.38) Qo+ 2(AB/PSY) @y = (AB/p5V)(Qi+@;)

Equation (2.38) establishes that the natural frequency of
each line segment is:

2.39 = . 1248
( ) Fn ’pSV ces

However, vibration theory considering distributed mass and
elasticity establishes the speed of sound, C, in the line
as:

(2.40) C = ' E&?ﬂ /n/Gec
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For fundamental mode oscillation in a closed end tube having
length, S, the natural period,T., is:

(2.41) Tz = 2§/t SEC

Therefore, the natural frequency, .9, , of an actual tube
segment is:

(2.42)  gn=1/Te = (1/25) Y8/ ces

By equating the two expressions for natural frequency,
equations (2.39) and (2.42), the volume of the line segment
which will have the same natural frequency as the actual
is established as:

(2.43) V= z245/7"
Thus,

(2.44) VoL :-_5_ Heor Se. = (RI.038L)19/) = /. #95 w3
2 ﬂz

Brake Housing

The brake housing has ten pistons of 1.33 in? area each.
Since the number of pistons serviced by one control line
is five, then Azps= 5(1.33) = 6.65 in<,

The fluid volume in the brake housing with the pistgns
bottomed (Xp=0) 1is 8.00 in3. Thus Yéo = 4.00 in3 or one-
half the total volume. The orifice coefficient A4o was
estimated to be about 2.0 /v "/J‘ec 16F 72,

Operational Systems

The option 1 system neglects the line inertial effects. The
parameters have the same value as the corresponding parameters
for the option 3 system, escept that Vg, should include any
line volume. Thus, for the F-111 system, with the option 1
system, Vgo = oo + .038¢ (/9/) = /456 7

The option 2 description is used for systems with compressible
pneumatic fluid. The appropriate parameters will be evaluated
for nitrogen at 100°F as the fluid media and isothermal
processes are assumed except for orifice flow calculations.
While the heat transfer characteristics of the brake

system components have not been rigorously evaluated, the
usual component installation is such that assuminig isothermal
processes is valid. The mathematical description of the brake
actuation control system using compressible pneumatic fluid

is written using equations of the same general form as for
those describing the hydraulic system, thereby minimizing the
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the number of equations and enhancing computation flexibility.
Utilizing the hydraulic equations when pneumatic fluid is used
requires that the appropriate parameters be expr-ssed in suit-
able mathematically equivalent terms. Consider the character-
istic equation of state for a perfect gas:

(2.45) P= MRT
v

And the definitionn:

dP _ 2P dm 3P v, 3f dT
(2.46) 5= Sy gF T3V IF TaT dF

For the assumed isothermal process, substitution of
equation (2.45) into eguation (2.46) gives:

@ (s} (1)

For those cases, such as for the metering valve and contrel
valve pressure cavities, where the volume is not changing,
YV is zero and equation (2.47) reduces to:

(2.48) p(e\_fr_) m

For hydraulic fluid, ﬁ is described by equations having the
form of equation (2.49) below. (See equation (2.11) for
instance.)

2.49)  p- (E)a

Noting the similarity between equation (2.48) and equation
(2.49) it is obvious that if RT is used in place of 8 and
if m is used in place of ®, the "Hydraulic" equations can
be used for ccmputing performance of a system using oneu-
matic fluid. Thus, By = Beve = Bmv = R7T.

For nitrogen R = 662.4 v [bF/1bm°F and at 100° F

RT = (662.4) (460 + 100) =371 x 108 v 1bf/Jom.

Since P/RT = M/V, equation (2.47) can be written as

(2.50) P - RT>[/PJ -[f—)skj
v RT
tquation (2. 21b) is obtained by substituting Bs for RT,
Ases Xp for V , and @ for m 1in equation (2.50), thereby

accounting for the change in brake voluwe caused by piston
movement.

Equation (2.51) below, from Reference 6, describes the mass
flow rate of a gas from a container having high pressure,
P+ , through an ovifice of area,f,, to a container having
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P

low pressure, F.

Y- i
2.51 '=c007/zc _ /N
( o (—éﬂ— f-f) / k/pL d

Equation (2.52) below, from Reference 6, describes the
volumetric flow rate of hydraulic fluid through an asrifice
under similar circumstanczes.

(2.52) R = Co/qo( 1/2;/)) ;/2;-/91_

Both equations (2.51) and (2.5Z) can be written in the form
Q= Ae G P, ) where #<{fi F.? 1is a flow function as
defined by equations (2.4) and (2.5) for the appropriate
circumstances and where A-is a flow coefficient accounting
for orifice and fluid properties. For the case of hydraulic
fluids a value of Co VZ/ = /035 ﬁv,éﬁfﬂb*c has been
established by experlence as belng representative of an
average orifice (i.e., (o= 0.65). The metering valve flow
coefficient, Amvo , previously computed is 0.653 HV/G%T /b5
therefore, the apparent actual orifice area, Ao , for the
metering valve is As =0 653//03.5: . 6.1’/«!‘/0“2 e

For the case of the pneumatic system with nltrogen at 100°F
as the working fluid and using Cp= 2300 in 1bf/1bm® F, and
R = 662.4 in 1bf/ibm °F:

(2‘53) /‘-’f"va = Cﬂlqo ZGCﬁ
£ / T

= (.8)(.é3lx|df) 2 (zﬂﬁ(ZEZa)
624 "—?_65___
= 0 ¢3%107 1bm in*/Ibe sec

Using the same procedure establishes that:

Acvo = O. 7k xm_:_.- fbm mz//bf-' Sec

Are = 0.658 x07° lbm mz/IbFJec
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3a  AIRPLANE SYSTEM (FLYWHEEL)

Figure 11 shows the model for the airplane system as it
might be simulated with a dynamometer flywheel. set-up. The
mass Wa 1s supported by the tire and is dstermined by the
percentage of the airplane weight carried on one main gear.
The mass Wir represents some part of the airplane structure
whicn could vibrate in sympathy with certain ground discon-
tinuities such as wing mounted fuel tanks or armament. The
foices Fro and Fa. act on Wa because of gravity and
aerodynamic lift, respectively.

A, Mathematical Description

The shock strut stroke is denoted by Zsas .
This stroke is determed by Z and Zwaw.

(3a.l) Zsm=Zwm~- 2
(3a.2} Z::M —‘éwm—é
The shock strut force Fumis given by ejuation (3a.3)

(32.3)  Fum= Fums<Zsm *Duwr Zsm *Avm <Zs/n>z.m!z.:m’

Let Zso and Zsor denote the height and slope of the ground
(or flywheel surface). Let Sm denote the tire deflection.
Then S5» and Sm are determined by

(3a.4) Sa = max{o.o, Zc;a <XF> 'Zw:u}'
(3a.5) Sm = Zeor < X&) VE -i;w»n

The force Fwm acting vertically upward on the tire is then
given by

(3a.6) Fum= Sm (CMT +Dmr.s:m)

51




e

%
,
A -
LA
Ay A _WTE

+Z)

[ G War

Figure 11 Flywheel System Model
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Summing forces in the vertical direction on the unsprung
mass W,,, , there follows:

(3a.7) Wawy Zwm = Fram ~ F\-m + Torv

Where Fery 1is the tire unbalance force.
For the mass Wy, , summing forces vertically gives:

(32.8) Wag Zag = Far
(32.9) Fag = Car (Z ~Zae) * Dag(Z-Zap)

The aerodynamic 1ift and drag forces F,_ and F,, are
defined as follows:

2
Ca Ve
2
Cap Ve

(32.10) Fa_

(3a.11) Fap
The equation which determines Z is given as

(3a.12) (Wha- WAE)Z = Fum + FAL_ - FLl'é‘ - F};R

The equation for the flywheel velocity is given by
(3a.13) WarVe = Py ~Fap -2 FBT
where Fry, is a force equivalent to engine thrust and Wir

1s the airplane mass. The ailrcraft's longitudinal dis-
placement 1s established by

(3a.14) Xg = gvpd.t + Xeo

The equation flow diagram for the alrplane system
(flywheel) is shown on Figure 12,
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B. Parameter Evaluation

Shock Strut Characteristics

Figures 13 and 14 show the main gear load and damping
characteristics for one gear.
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Figure 13 Main Gear Damping Curve
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Figure 14 Main Gear Air Load Curve
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Vertical Tire Characteristics

In equation (3s.6) it has been assumed that the tire loading
characteristic is given by an equation of the form

(3a.15) F - S(c+D3)
Let the following terms be defined for a tire:
Fr = Rated load
Pr = Rated pressure
Sz = Rated deflection

I1f P 1is the actual pressure, then obviously the tire spring
rate, C , is

(3a.16) C-= P)fe_)
il S»

From reference 1 (Equation 132) the damping force, F, ,
is established as:

(3a.17)  Fo =(Q£) s
w

It is assumed that the damping force is related to the
undamped natural frequency at rated conditions. The un-
demped ~ature=l frequency,w , is established as:

(3a.18) wtfg:ﬁ_{_gzy;%—

Where G = 386 IN/SECZ. Also from Equationsl137 and 138 of
Reference 1°

(32.19) 7~ 2% /[1+(@/R)]
Where ?g—— o0,

The main landing gear shock strut linear damping coefficient,
Ovm, is set equal to zero for the example problem.

The unsprung mass, Wwv, experiencing vertical mgtion is
6.44 1bm. Thus, Wev = (644)/386 = 1.667 1bf sec</in.
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As previously assumed in Equation (3a.l5), Fo=S05
Equating the two expressions for Fp at rated deflection

(3a.20) 7 C - S=D

Lo
Cr

(3a.21) D= WC . 7k __E_)}/;fi
K (.S‘k)" (pﬂ )

For the 47 x 18 - 18 26 ply raving F-111 main tire,
P=F; = 150 psi

Fe = 38,100 1b. and S& = 4.00 IN.

Thus

(3a.22) Cm P &\ - (/50)(FBi00) b
T )( ) (150)(4.00) = F/W

(3a.23)  pOur= ,4) 7/?.2

__(/f0)(.1)(381001 £0 - 2424 bF sec/mw?
(750) “(¢.00* /386

Aircraft Characteristics

For the example problem, an airplane weight of 57,000 1b,
is used. The static vertical load on one main gear is
25,200 1bs. so that

(3a.24)  Wy=25200/5 = 650 :b;m%v.

For a velocity of V- =/2400 IN/SEC and a representative
tire-to-runway braking coefficient of .45 at the main wheel,
the tire load is 21,400 1bs. Thus FiLp = 21,400 1b.

The total aircraft mass is Wpr=57000/6 = /478 le;ec’/ﬂV.
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The mass Wre is used to simulate some airplane resonant

effect, For illustrative purpgses, it is assumed that

Wag = 1000 LBM = 2,59 LBF SEC “/IN and has a natural’

frequency of 12 cps. Therefore, since w = 21(i2) = 75.4¢ rad/soc
and k= mw?,

(3a.25) Cap = CUZWR,?_ = (75.4)%(2.59) = 14,720 lb/in
Using 3 percent critical damping gives

C.OB) 2 ‘JC‘RI?_ \/\vlﬁlz =
(03> 2\ (147203(2.59) = (1.72 Ib sec/in

(38.. 26) DAQ

i}

The initial conditions are calculated for equilibrium,

At time = 0, let X. = 0 so that Z¢p{Xg> =0 |
since Z¢p<0> is dlways 0. Let Vo = 1200 IN/SEC and |
assume that Ca. = Cap = 0O

From equation (3a.6),

(32.27) Spy = Fum /Cmr = 21,400/9530 = 2,245 in

From equation (3a.4),

(32.28) Zimo = -2.245 1in,

T e

From figure 14, when Fyms = 21,400 lb.

rar

Zsym = 23.98 in and from equation (3a.l),

* vEEE Y &
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(32.29) Z¢ = Zumo — Lgm = =2.245 - 23,980 =-26.225 IN.
Also Zppe= %o = -2b.225 0. ]
(
For the example problem the effects of aerodynamic L
forces are not included in the flywheel simulation; E
therefore, Cao = 0,0 and Ca. = 0,0, )
The unsprung mass moving vertically, Wwv , is the
same as Wsw described in the Section 4a Wheel and K
Tire System (Flywheel) for horizontal motion. There- E
fore, Wwv = 1,60 1bf sec?/in. 4
The average en;ines idle thrust is 1000 1bf. i
Therefore, Fru = 1000 1bf, -
i
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3b. AIRPLANE SYSTEM (3 DEGREE)

The three degree airplane system is built around a rigid
body airplane which is allowed to move vertically, hori-
zontally (parallel to the runway centerline), and rota-
tionally in the pitch mode, This model provides for the
interaction of the anti-skid system with those effects
which are related to airplane pitch., This includes such
pitch effects as change in the aerodynamic lift, drag, and
moment due to change in wing angle of attack, change in
the aerodynamic 1ift, drag, and moment due to changes in
elevator deflection as dictated by the stability augmenta-
tion system (pitch mode), change in tire loaaing due to
braking pitch moment, and the effect of ground slope and
roughness as reacted through both the main and nose gears,

A. Mathematical Description

Figure 15 shows the three coordinates which describe
the airplane position relative to reference points on the
earth's surface,

Figure 15 Airplane Coordinates
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Figure 16 shows the gear extended dimensions as mea-
sured in the airplane's water line-fuselage station refer-
ence system,
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Figure 16 Airplane Geometry

Let Zeo{x>denote the runway profile height and let Zgpp<%>
denote the runway profile slope.

Nose Gear

Let Zgy and Zs,, denote the nose strut stroke and stroke
velocity. From Figure 17 , Zg, and Zsy are given by

Zwnt Ty - B - SHNQ
é»vum . 2 - Sn—su C:)
The nose gear shock strut force is then given by
(35.3) Fen = Fong{Zond Do Zon * AvéZan) Zsy |70

Fou, the normal ground force at the nose gear is given by

(3b.1) Zey

(3b.2) Zs,

(3b.4) Fun = S (Cur Duréu)
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where 5y is the nose tire deflection. S, and S,, are given
by:

maLx { O,O) 'Zc-,-o< wa> + Rgru - Z—WN}

ZQDP< Xw~> kwu - 2‘7—wu

(3b.5) S,

ft

(3b.6) Sy
Summing vertical forces on the nose wheel,
(3b.7) Wwu '?—.wu = Fon - Fun

(3b.8) Fop =z uRRN NN

Main Gear

Let Zs., and Z¢,, denote the main gear stroke and stroke
velocity:

(3b.10) ng = Z-wm "'Z + SHMQ
The main gear shock strut force is given by:

(3b.11) Fym = Fris{Zsm> * Dum Z'SM +Am<£sm>%sm|2ml

Let Sw denote the main gear tire deflection. Then the
tire normal force is given by:

(3b.12) Fae = SmblCmt + Dyt Si)
max i ®.0 , ZapiXwmy +Rorm -2 o }

Eepp< XWM> X"WM - é.wrv\

(3b.13) Sy

"

(3b.14) 5
Summing vertical forces on the main wheel,

(3b.15) Wum Zwm = Frum - Fum + Fory
Figure 18 shows the model of the main gear., With the
assumption that the gear weight is much less than the air-

plane weight (that is,w,<<W,), it follows that:

(3b.16) Wy S:u écr = fFuSeu — F_G(Sc‘vu""zcrl.) -Ts
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Figure 18 Main Strut Model
where Z, is determined by:
(3b.17) ZgL = Ser™ Tsm
F5u can then be computed from

(3b.18) Fou = (Fo el + Vs )/ Seu

where
' (36.19) Fy = Seu (Cu (@ -6¢) + Du (Q-6c))

T, and F, are outputs from the tire and wheel system. The

horizontal axle reference location is denoted by xAx- Xax
is given by:
(3b.20) Yax = X =~ Sum + (Seut 260 ) b6 |
- - . [
(3b.21) Xax = X+ (Seut ) Cs |
\
!
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Thrust

Referring to Figures 16 and 17 , if [, is the thrust,
then

(3b.22) Fruv = Fry (At Q)
(3b.23) Tr = O1n Fn

Aerodynamics

The dynamic Air Force (3, is given by:
(3b.24) Qa = )?ZAEEF Rua /zs8.0

The aerodynamic lift, drag, and moment are then given by:
(3b.25) Fau = Cau@a

Cap @n

(3b.27) Tam = Cam@a

(3b.26) Fap

1f x,v denotes the wing angle of attack relative to the air,
then:

(3b.28) xw = e + (180/T)(Q - E/X)

Let S41 denote the horizontal tail deflection. Then the
aervdynamic coefficients are given by:

(3b.29) CaL = GaLt BaL=w + Eay Our
(36.30) Cap = Gao t Baveww * EapSur
(3b.31) Cam = Gam + Bapets + Epm Spur
Dynamics
Referring to Figure 17 ,
(35.32) Wa 2 = Far* Fray "WaG + 2Fym + Py
(3b,33) WASi = Frn " Fap T 2Fou ~2Fg - Fow

(3b.34) Wio Q= FuuSun-2FumShum 72 o0 Suma + Trn
+ Tam -~ 2 Fu (Seu +Sumu) - Fon (2 -2604)(.,.”\[
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where

X+ S+ S Q
k'*svué

(3b.35) Xwn

e T N T T A TR

1

(3b.36) S(wu

E Figure 19 shows the system flow diagram,
N
% B. PARAMETER EVALUATION
5 Shock Strut Characteristics
i Figures 20 and 21 show the nose gear load and
i damping characteristics,
8 T T
7 --
~ et
N
&
N 5 [
3 I
| ;
: 2 4
. 2 3 g
o3 < |
i

. | PR TR
-ty T SR e e

Stroke Zg,, (in)

Figure 20 Nose Gear Damping Curve

Nose Tire Characteristics

L R

W See also page 57 of the flywheel system. The 22 x 6,6-10
16-ply rating nose tire has a rating of 9150 1lbs, at 190

iy psi. The deflection is 1.50 inches., The operating pres-

" sure is 190 psi, Since these are two nose tires,

) (3b.37) Cur = (_P_) e o= @3)(22(9&0) = 12,200 lb/in

B Pe/ S 190/ (1.50)

n
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Filgure 21 Nose Gear Air Load Curve

4 (R)ve

(1)(2)(9150) (190 . /1,50 = 50,6 Wb sec
(1,50)* (190) 356 e

Since = 0.1,

(3b.38) Cur

The nose tire rolling resistance coefficient is Upgy =
.020 and the unsprung nose tire mass (mass of tires, wheels,
axle, and lower shock strut) is Wy, = 175/386 = ,453 LBF
SEC”/IN. The nose tire undeflected radius,Rer~, is 10.8 in.

Main Tire Characteristics

The main tire undeflected radius, Ro‘rm, 1s 23.32 inches,
The other main tire characteristics are computed as shown
on page 56,




Main Gear Characteristics

The F-111 main gear spring rate parameters were computed
from load-deflection data recorded duriag structural
testing and correlated with data from jig drop tests and
from flight tests.

Figure 22 shows the model which has the same form as that
described in equations (3b.16) through (3b.21) and in the
wheel and tire system, The rotational spring rate of one
main gear about its pivot is 26 »10% w ib/vad.

The remaining values are calculated (at static position) as:

S = Z1,C i

Wy = 278 tba = ,722 Vb 5¢c?/in
(3b.39) l Wow = W = 644 /bm = /. 667 lbFsect/in

(-G = 20,000 Vb /vn

Thus from figure 22 , (, is given by
- 2 3 2 _
(36.40) Cy = Cuiery/Sew = 26x165/217 = 59,0¢c\b/in

The first mode natural frequency of the model is 21.84 cps.
Assuming that % 1is .054 (about 3% critical), then evalua-
ting the damping at w = (2T 2% ) = 137.¢ vad/scc
there follows:

(3b.41) Dy = % Ce = (359X 20c,000) = 76,6 b scc
L B nd) in
De = 72Co = (es9)(5e cc0) = 232 1h s
(3b.42) Do = L% L (}%7_5’) s
oy
o } T
Seu
] G w
1 aar— —— %
2‘i'l- Wew
0 A —'—,
g
GG‘J 2%,

Figure 22 Main Gear Strut and Wheel Model
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Aerodynamic Data

e T

For finding the gerodynamic data, the F-111A is landing

with flaps at 340, wings swept to 260, and spoilers ap-

plied, oAn equilibrium airplane condition of %, = 2° and
Sur =5 1is assumed., For these conditions,

et el T

(3b.43)C =003 i = .126 day’ 3o = .c22 cl.,;)'
St IOurt

(3b.44)Cp=,258 ACp = .ooom,a" 3Cp = mceede)
AW QSHT

T ere——

LTSl TR " s 2T

(3b.45)Cmy= 000 3y = <025 e’ JCuow = =025 2 ey’
3 Aw o SaT

e S B

The aerodynamic reference point is F.S. 526.8, WL 197.2.
Assuming the airplane C.G. at F.S. 519.0, WL 180,0, if !
AXx and &Y are given by:

T AT et e o

FOA - FSCG

v

(3b.46) &x 526.2-519.0 = 7.8 tnches

u
il

(3b,47) Ay = WLA - WILG = 197.2 - 1860 = 17 2 inches h

Then if C = 108.,5 inches is the length of the M,A.C., then
(mC at the airplane C.G. is given by:

JEX.

(30.48) CuC = CuaC —Coox +Cpay

(0.0)(108.5) - (0.43)(7.8) + . 258)(172) <7424 srches

A A T X T .

{
1
4

Also,

1

(30.49) e = e -3Loax + Cpavy
R dotw Doty X

(-.025)0835) - (29)(78) + Le.0)Ui72) = ~.374

(3b,50) 9w = CaaC - ICe x +3C, oy
S5ar ASar 2Snr DS hr

(-,0352)(10£.5) - (.022)(7.8) ~(.603)(17.2) = -3 759

Thus from equations (3b.29), (3b,30), and (3b.3%),

R A A L O N soamss o T g e SR Cru )
[ e L T L L e L O R R 0o o R o o' oo S YASA S TN
"""""""""""""" SR T T R R R RN o LSO R TR R0 R O S o R k‘b'.‘r‘-'i \'t‘.‘

........................ A O T D R S A e AN A P ot NP 'O 2
& e = - Cal hd = - i Ll - -




(3b.51) CAL = Ch = 0,13
Ba. =(3C./d«w) = .128 dag '

E.m__ =(QCL/QS.‘“—) = 022 Ll_cu.;}"'

CAD = CD = ,258
Bao =(3Co/detw) = 0.0 des’
EAD ZCQCD/QSHT) = - 0036 dﬂfa-'

(3b.52)

Cam = CmC = 3,424
Bam = { dCmC/ 3uw) = =371 wn/degy
EAam :(;CME/-QSHT) = - 3,788 GrL/c{cra

(3h.53)

(3b.54)

GaL = CaL = Barxw - EaL ST

= a3 -020)(2) - (e2z ){-5.¢) = -.¢Cie
(3b,55)

Cap = Bap *w ~ Eap Onr
250 - (0,0)(2) - (-,003¢)(-5) = , 240

i

“ho

1t

(3b,56) . ~ )
Gam = Cam ~ 5hm«”(w - Ef\M bHT

3.42¢ —(-.370)(2) = (~,3759)(-8) = 2.286 1IN

tnitial Conditions

Assume that at time = 0.0 seconds the airplane velocity is
2400 in/sec = Xo. The airplane is shown in Figure 23
with brakes off,

__,_,_o-._,—-'—'_/ s_ /
( N | T e
HL —t
WaG
P = O
Fron o 2Fum R

Figure. 23 Airplane Initial Equilibrium Forces
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Assume that xw = 3° and Sur = -50, then from equations
(3b.29) (3b.30) and (3b,31), there follows:

(3b.57) Car= (-.016) + (128)(3) + (.c22)(-5) =0.222
(3b,58) Cam= 12.28¢) +{=.37))(3) +(~-3.759)(-5} = 15,973

Since Sun = 258,9,9km = 32,6 inches, Ty, = 20,000 in/1b,,
and if the estimated value for Hy; is 97,2 inches, then

(3b.59) Fum = (( Tria + Tam) ¥ (Suw- Hsr}-"u)(WAC- - FaL )) 1
(Spu S wa )+ Her ().:m~yn) 2

Now from equations (3b.24), (3b.25), and (3b,26),
(3b.60) Qp = (2900)°(525)(,00230)/2¢8 = 25000 |b

(3b.61) Fp = (,222)(25000) = 55001b

(3b.62) Tam = (19.973)(25000) = 499,3¢0 inlb

Thus,

(3b.63) Fum = ) ({319 3¢ ) + (25757000 - 5500))
2 (« Sa)+ (57.2)(0)

So

L1

(3b.64) Fum = 22528 1b

and

1"

(3b. 65) F}Ju W,‘G - Fn\_ -2 FN,V\

57000 - 5500 -2(22998) = 5524 b

1

Assume that when time = 0 that Xwm= 0.0 inches, then
Zoo<Xwm»= 0.0. Then Xwy = 295.1 inches so that Zgpl{Xww)
= (9.676-9,703)12 = -,32 inches, Refer to the runway sys-
tem for values of Z.,. From equation (3b,12):

(3b.66) Sy =(22988)/(5530) = 2.41 in

Thus from equation (3b.13)
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(3b.67) Zwmo = 23.32 —2.4) T 20,91 in

1
Pty o

From Figure 14 in the flywheel system, if Foms = 22,950
lbs. then Z<w = 24,00 inches, Now, from equation (3b.4)

[t I

P el

(3b.68) S =(5524)/ (12,200 = .46 in

L
et et I

From equation (3b,5), there follows:
(3b,69) Zwno = (=.32) +{ 10.80) -(9¢) = 10.02 tn

Also, from Figure 21,if F ¢ = 5,600 1bs, then: Zgu = 5n

Rearranging equations (3b.1) and (3b.9)
(3b.70) Z, t Suu Qo = Sun + Zwwo — Zsm
(36.71) Zo - SimGu = Sim ¥ Zwms ~ Csm

Solving these two equations,

(3b,72) Q. = .0329 BASIANS

$2.36 Lo

i

(3b,73) Z.
Finally,
(3b.74) Ao = Xwmo ¥ Spm = 36,20 in

(3b.75) G = Qe = 0329 RAp,AMS

The values of the following parameters as listed in Table
6 are established by the airplane's dimensional and mass
characteristics: oo, olew, Aer, Sec, Sitm, fnn, Sym, Svw,

Srn, Wa and Wra,

\ For the example problem the degsity of air at standard
A conditions, sea level and 59.6 F, is assumed. Thus,

N Rwa= , 00238 Sivgs /Fr3
>

The shock strut linear damping coefficients, Dva for the

nose gear and Dym for the main gear, are set equal to
zero for th~ example problem.
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3¢,  AIRPLANZ SYSTEM (6 DEGREE) 4

The six-degree airplane systein is built around a rigid b
body airplane which is allowed to move vertically and
horizontally (both parallel and perpendicular to the run-
way centerline). Also, the airplane's yaw, pitech, and roll
effects are considered, This model considers all the ef-
fects found in the three-degree airplane system, The pur-
pose of the six-degree airplane is primarily two-fold: the
first is to evaluate the effects of the anti-skid system
on the airplane's directional stability; the second is to
evaluate any anti-skid system degradation caused by air-
plane yaw and side drift movement,

a? T Pty Y Y T KT L L

For the nose gear, the model considers the tire and strut
characteristics in the vertical direction. Also, the nose
tire's yawed rooling characteristics are included. The
steering loop is closed by providing a "pilot" function
which provides an input to the nose tire, The "pilot"
function depends on the airplane's yaw angle., The two
main gears are treated as two distinct systems except for
any structural coupling which may exist between the two,
Provisions are made for side wind perturbation and for
aerodynamic effects caused by airplane yaw and roll.

TaTeT N TERA T, L

I PR T e
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A, Mathematical Description

Figure 24 shows the six coordinates which describe the air-
plane position relative to reference peints on the earth's
surface,

[
¢ Q-
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>
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Figure 24 Airplans Coordinates
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Viey 18 a crosswind, The runway is oriented so that its
centerline coincides with the x axis for 0 inch runway
heights (Z¢p = 0). This analysis assumes that the pitch
(@) and rcil (P) angles are small, Let Z,,{(X,y>denote the
runway profile and let Z,,,<{x,y>denote the runway slope
(Zeup<x%,Y> = 3Z¢p { X,y?/3x). Figure25 shows the airplane
as measured in the fuselage station-water line reference
system,

Nose Gear

Let 24, and ZSN denote the nose gear stroke and stroke
velocity. Then we have that: -

(3cu1) ZSN = ZWN+SVN "Z -SH”Q
(3c.2) 25»-: = :z-wu - 21 - SHNQ
The nose gear shock strut force F,,, is then given by:

(3c.3) Fyy = vus< ZSN) + Dvm ZSN + Avm<zsn> ZSN | ZSHl

Figure 25 Airplane Geometry
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Figures 26 , 27 , and 28 show the forces acting on the
airplane as seen in the different planes, Let F_, denote
the lateral force on the nose wheel at the axle, Then:

(3c.4) Wwu Yo = Fons = Fin

Where Fgyns 1s the lateral component of the sliding or cor-
nering force of the nose tire., The load F,,, is caused by
the nose wheel trying to move laterally relative to the
airplane., 1If this lateral displacement is denoted by Y, .,
then:

i

Cin Youu * Din Youn
(3¢.6) Yo = Yn-Y ¥+ ( Z-+SHNQ)P = Sk
3e,7) QDLN-_- )-/N'y"' (E+SHMQ).P + (_li-'i'SHMQ)p"SHM'i

(3¢.5) Fin

"

Now F,,, is given by:
(3¢.8) Fun = Sn (Cur+ Dt Sy)

where
(3¢.9) Sy = max § 0.0, Zap X, YD + Rern = Zuns }
(3.10)50 = Zupp< Xwn s Yo Xww = Z wae

Summing vertical forces on the nose gear unsprung weight:
(3¢.11) Wun Zum = Faun - Fu

Assume that the pilot positions the nose wheel with a rate
proportional to the airplane yaw angle. Thus:

(3c.12) éu = min{o, - Gpr R it SN = Onmax
—_GPILR lﬁ |@~l<lemmnxl

mam{o> ~-Gpp R ot On £ -6nianx

On gives the yaw angle of the nose wheel with respect to
the airplane¢ . The vaw angle of the tire with respact to
its direction of motion is given by6yaw.

(3¢.13) Byay = Ou* R = ( 7/ Xwn)
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Figure 28 Airplane Dynamics (Roll)

86

. L R T N i T T T N
‘\-L"\\f\-'-“-‘-"-"""

L P S NP P LR W Sl O oy S o vure TP T S T S
e W = - ey t— =T 5 = Th——y e C— r— g




The steering characteristic is developed from Reference 1

(p. 30). Let Uy;r be the coefficient of friction between

the nose tire and the ground. Then the maximum force nor-
? mal to the tire in the plane of the ground is Funrr where:

i (3c.14) FRyre = Upre Fan

Using equation (79) and 80) from Reference 1 :

(3¢.15) Urr = | PucGvaw/ Fure if Fure >0

@] lj‘ FNTF' £ 0
(3¢.16) Fuc=s Fure i+ Uer = 1.5
¥ Fare (Ugrr - 4 Ugr/27) it JUerl< 15
~ 1B o Ugy £ -1.5

‘ Thus, Fucrs corresponds to Fy,r.e in Reference 1 and Pwc
is the cornering power given by:

. A . s

(3¢.17) B, = }cm Sy - Cps S if Sn £ Se
Cp3 - Cp4SM if Swn > SPI

The actual normal cornering force Fy.r 1is not Fy. , but
lags Fy.ec because of the tire relaxation length, The ex-
pression for F. .. is given by:

(30.18) ﬁNCF' = (. E\’CF‘S - FNCF )( XWM /QVRL)
Having obtained F,. , then from Figure 29 ,
(3C919} FSUS = FNCF' wﬂ_,(e:u* R> - uREN F-NN M<6N+R>

(3c.20) Fuy = Fycr wim$ONtRY + Ugen Fun cow (O TR)

Fsns
Byt R

;.___r

Figure 29 Ncse Tire Cornering Force
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Main Gear
Let Z;., and Zsw denote the stroke and stroke velocity.,
The additional subscripts L and R refer to the left and
right side of the airplane (looking forward).
(3C.21) ZSMQ = ZWMR. - E— + SVM + SHmQ + SGW P
(3¢.22) Zgme = Zwmr = &+ OpmQ + Oqw P
(30.23) ZSMI— ZWML, - Z + SVM + SHMQ - SGWP

{3c:24) %'SML. = 'Zwmx_ ~Z2 + SymQ - Séwé

The main gear shock strut forces are then given by:
(3¢.25) Fupp = »'Ms< Zsma> +DVM Zsmr A< Zsme? Zsmz‘zsmnl
(30-26) Fl;ML_ = FVMS< ZsML> ""DVM zsm.*' Avm< ZSML> ZSMLIZ.SMI_I

Let S, denote the main gear ti-e deflection and let F,,

be the associated load, Thus, in the vertical direction,

the relation between the load and tire deflection is given

as follows:
(3C.27)F;4M|z = SMR (Cr * Dpar Sr-m,)
(3¢.28) Fume = Spag (Crar # Daar S )

max { 0, Zept Xwmr ,yMR> FRerm ~ ZWMR}

ZGDP<XWMK,\/MR> XWME B Zwma

(3¢,31)5, < max"LO, Zep XWM._,VMJ T Rerm -_Z\NML.}

(3¢.32)5m0 = Zaop<Xwme, Ymi? Xwme - Z i

(3¢.29)Smp,

(3¢.30)Smn

Summing forces in the vertical direction on the main gear
wheels,

(3.33) WWM Zwmrz Fr:lmtz - F'nv'-: + FGRVR

I

(3¢.38)Wwm Ewmr = Fame = o + Forve
Figure 30 shows a side view of the left hand main gear,
With the assumption vhat W,<< W,, €;r and Gs. are des-~
cribed by:

a8

. =
N TR X . Ly YW,y T
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(3¢.35)Wo Seo Bee = SevFur + (Seu+ Zorr) (o~ Fra-Far) - Tor

(3¢.36)W, Seusr = SeuFur + (Seut Zar X P~ - ) - Ta
where

(3¢.37) Zere = SeL - Esmz

(3¢.38) ZerL = Ser -~ Zemu

The forces Frp and Fr_ are used to impart the correct mo-
ment into the gear,

!
. /B\ __"F"_”"__‘i I
: eEL b S‘H.
Eﬂl. =
TsL [
FI"R ’/ ‘EL F"I'I.
| = XaxL ‘E

Figure 30 Side View of the Main Gear Strut

The overall gear system model is shown in Figure3l. 1In
order to transmit torque properly, the forces Fype and
Frie are applied equal and opposite on different sides of
the gear., Thus,

(3¢.39) Free = Fer (Sow ~ Sss)/z Ses

(3¢.40) Frie = For (Sew ~Ses)/ 2S¢s
If it is assumed that 100 H, percent of this torque is
taken directly into the airplane, then 100 Hg; = 100-100 H,

percent is transmitted through the gear, Thus,

(3C941) FTI{ = HG F‘rge

(3C.42) FTL_ HG FT"LG
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All spring loads A

W, Fo(t)
positive in tension < " —R
SouGer
l - fi 4 Sew
' Fue Wu Fer |—-+ i ‘
\ Frio =s— @ — Frz —""—"""*-—( T
‘ g | s
i
W m i
i :5;. : l
| 1
|2 |
| 5
1 o ;
||~ '
!
.' FI.IL ew“' F"I- __'.lﬁ
J ] FTIL"'—' —_—Fre |7
s . . ) F-
5“.9‘., ew\m I-“"II

‘“ Seu
! .’ \ ”
| =
i an..u..,im.g
+f £Rp o K
s i \(?/ OC e |— ¢
|
eﬁﬂ'jg:‘-—-_l xnj)(l_ P

Figure 31 Main Gear Model
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Let Qg and Q. be the difference between the gear rotation
and the airplane rotation. That is,

(3c.43) Qe = Q - Ogr
(3c.44) QL = Q ~ Qe
Q - Gee
Q - e

S Pl .l v i Y &

(3c.45) Qg

)

(3c.46) Qu

Then we can find constants Cyu, ,Cyuz , Dy, and Dy, such
that:

i T

(3¢.47) R = Seu (Cu Qz"cuzQL)+Seu(Dwé2 - Du:.Ql_)

(3¢.48) FuL = Ssu (Cut Qr=Cu2Qn) +Seu (DUIQL" -Du.zQR.)

It then follows, assuming negligible strut moment of in-
ertia that:

(3.49) Fppe = (Fer+Fre “Fr) Zeet e )/ Seu
(3¢.50) Fouc = ((Fer+ Fo- Fre ) Zow + Ts )/ Seu

TV A b S

As outputs to the tire and wheel systems we need to com-
pute X,x and Y,x. X, is shown in Figure 30. Y., is as-
sumed to be the undeflected tire footprint position in the
y direction,

T A o N

(3e.51) Xax = X + ScuR + SumuQ +(Seu.+ 2l O - 1Sifim

< N

(3¢.52) Xaxe =X = SewR +SumuQ +(Seut Z612)06r — Shm

R i

(3c.53) S(AXL. = Y + Sew é + SvmuQ"’ (Seu"'zsu.)éu
(3c.54) 5(”,;= X - sté + Svmu.d +(Seut ZGLR)éGIZ

IS o b

(3co55) YaxL= V- Sew = (Sum =SymuQ =~ (Sen +ZeL ) Gsr ) R
- (SVMu+ Ssu + ZGLL) P

(30. 56) yAy.g_= Y+5c,w - (SHM "SVMI.&Q = (Ssu.“' EGLRJGGP-)R
~(Symu+ Sew * Zera) P

"o ‘AR P T

(3c.57) 5’...;“_"‘ Y - (Swm _.vau.Q‘(Seu* ZG.LL)SGL)é
+(SVMU.Q +(SGM+26LL)GGL)Q

- (SVMu t Scu, + ZéLL) i)
?1

o RS R et | P e Y

B BUL A R g s gen Bes M e e meen b s B e e e e e e o o

I S e S e T e 0 "M SO I B I A T T A |



(30.58) y}\xg = )., - (SHM "‘SyMuQ - (Scu""ztl.rz)egg)é
+ (SVMMQ + ( Stsu_'f E.&LE )eg;p_) E
- (Swvw. "SGu.+ ‘?-GLE)P

Engine Thrust

Referring to Figures 26 and 27, if F, is the engine
thirust, then

(3¢.59) Fruy = Fon Catrn +Q)

(3¢.60) Ty = Spy Frp
(3(!.61) Frﬂs = FTH?

Aerodynamics

The following eight equations apply as in the three-
degree model.

(3C.62) QA = ).(zAst EHA/ZBB

e e T LR T o e Iy e

St

(3¢c.63) Fr = CaLQn
(3c,64) Fap =CapQa
(3¢.65) Tam = Can@a

(3€.66) %w = oo + C1go/m)(Q ~ 2/X )
(3¢.67) CaL= Ga + Bacotw + EacSur
(3c.68) Cap= Gap + Bavotw + Epp Sur
! (3¢.69) Cam = Gam + Bamotw + EpaSur
y Let Vyy denote the wind gust velocity as shown in Figure 24
. If ¥ and 3 are defined by:
. (3¢.70) ¥ = (Vuy + ¥)/ X
f} (3c.71) 2 = (1o/m)(¥=-R)
; Then /3 is the angle of sideslip,
!
§ 92
1
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Let Qar denote the dynamic air pressure (including side
wind) multiplied by the reference area. Then:

(3¢.72) Qur = ({Vigy # 90"+ X*) Ager Run/ 288
Then the aerodynamic yaw moment is given by:
(3c.73) Tav = Can /3 Qar
and the aerodynamic side force is given by:
(3c.74) Faey = Cay B Qar

Finally, an aerodynamic force Fag, due to a combination of
lift and pitch is:

(3c.75) Fas, = Fac P
Refer to Figure 27 as to the direction of these forces.

Dynamics

Referring to Figures 26 and 27, summing forces in the x,
y, and z direction,

(3¢.76) Wo Z = FaL* Frny ~WaG + Fome *+ Fupe t Funa

i

(3c.,77)WA.)E Fra = Fap "‘Fouz"'Fow."Fuz"'F::L" Fons

Fews = Fsrr = Fore + Fou + Fase = Fasy

H

(3c.78) W, ¥
Summing moments about the C.G. we have:
(3c.79) \fftQé = Fun St~ Fume Sum = FumeSnm T Four Sumu

+ FoulSvmu * Ton + Tam - Fur (Ssu + Sypmu)
- FU.L (Sf.‘-u.'*'svmu) = FDN (Z _ZGD<XWM>J

(3¢.80) Wrg B = FinSnn +Ses (Fue = Fuu + Fouc - oD T2,
+ 2Ha( Free - Frie ) Ses

(3e.81) Wip IS = (]'_VML_FVMQ) st + F;sv Hap
-(Z “‘?-e,p<x,y>) (Fore + FerL t Fuu)

X + S +Svn@
X +SVNQ

1i

(3c.82) X

(3¢.83) Xy
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B. Parameter Evaluation

Nose Gear Characteristics

Based on a nose gear lateral natural frequency of 12 cps,
we have wn = 2w(1l2) = 75.5 RAD/SEC. Since Wwy = .435, then:

T " EN. 2" " o o v R .

(3¢.84) Cin = Winn @2 = .435 (75.5)° = 2480 Ib/in

‘ Using % = ,054 as in the calculation of D; in the three-
degree model.

(3¢.85) Dy = 7 CLu/wn = (.054)(2480)/75.5 = 1.78 Ibsec/in
The steering or cornering characteristic parameters are

obtained from Reference 1. Based on Figure44(a) in Refer-
ence 1, the value for Unre is:

i e . SRR R B B

.

(3¢.86) Uyrg = F'%r,e(max)/ Fa = 25000/45200= ,553

Using equation 82 from Reference 1, if K= (P+.,44R)w? =
(1.44) (190) (6.6)2 = 11,920 1b. then:

e a

(3¢.87) Cot = L2 CeK/d = (1:2(87)(11820) /22 <7760 1b/Rad in

(3¢.88)Coz = 8,6Cc K/d*= (857)11920) Ji22) < 12253 Ib/Rad "

LS S R

(3¢.89) Crs2, 0074 CeK = L.0u74)(57)(119.20) = #5792 1b /Rad

(3e.90)Cpp= ., 3¢ CeR/d = (. 54)0s7)(1420) 22 = 10500 i /adin
(3¢,91)%p = .0875d = (og7s){22) = 1.925 in

o' " r N A

From Figure 43 in Reference 1 we see that the cornering
force lags the yaw angle. Equation 63 in Reference 1
shows that the equation which describes the curves in
Figure 43 is given ty:

" o

-/
(3¢.92) Fy n=(1-¢ * L‘s) F;,rma.x<eww>

where Ly is the tire yawed rolling relaxation length.
Differentiating this equation, there follows:

LE T

(3C.93) C_I_'E;,r = _e___f/u’ Fy,rmag<eyaw>

o= Ly
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“x/Ly
Eliminating e results in:
(3c.94) Fy r + Ly ddpz,r = Fov max $Oyaw?
x
Equation (3c.18) is obtained by using:

(3¢.95) dfyr = dFR,r/dx x Fuce
dx dt dt X wiu
where iz is assumed for large airplane velocities that
Xwn = dx/dt, We see that the parameter S,,_  is the relax-
ation length, From Figure 39 of Reference 1, for most
conditions, S, 1ic obtained from:

(3¢.96) SyeL= 6w (2.8 -8 P/P)
= (6)e.6)(28-8)= 7.92 in

Main Gear Characteristics

For many airplanes which have a conventional strut arrange-~
ment (similar to a B-58) most of the moment about the shock
strut ¢ is taken out through the shock strut. 1In this
case equations (3c.4l) and (3c.42) would use Hg = 0.0.

In the case of the F-111 gear the opposite result occurs so
that Hg= 1.0 and H, = 0,0. The following values apply to
the F-111 gear:

Wy = 723 Ib sec®/in
Wivm © Wiy = L 667 Ib sec/in

SGH. = 2100 in
(3¢.97) Sew = 6000 n
Ses = 20.00 in

( He = Lo

Hap = 0.0

If loads Y't) = F@&) = F. are applied as shown in
figure 31 , then because of symmetry, the result will be
that Qe =@, . But then equation (3c.47) says that
Cw=-Cuz = Fur/Seu @z but Cu= Fue/SeuQr

as shown in the 3 degree model. Thus

(30.98) Cul—CL{Z_ = Cw = SS_‘OOO b/ in
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With the maingear at static, if a drag load of 18,000 1b.
is applied to the left gear at the ground and -18,000 1b.
is applied to the right gear at the ground the observed
deflections with Q = 0 are Q. = .0236 rad and Qe = -.02326
vad. (Assuming a lateral beam torsional spring rate of

43.0x10% inib/rad).

In the equations which describe the gear loading Tse and
Ts. can be chosen as 0 if Z,. . and 2.  are the dimensions
to the ground instead of the axle. Thus Zs. = Tey ™ Zeer~
2.2 + 12,9 = 21.4 in. Equations (3¢.35), (3c.36), (3c.39),
(3c.40), (3c.4l) and (3c.42) can then be combined to give

(3¢.99) foe ~Fur =(Se.u+2¢-,._,)(f‘_ﬁ_z : FGL)( |+ HG( SG,,S! ~ Sﬁ‘))
&5

(=178

= (210+ 214\ (~36000) 1+ (e0-20)) = -Z12,000b
() e (557

21.0 2o

Subtracting equation (3c.48) from (3.47) results in
(3¢.100) Foe - For = (Cui + Cuz) SeuQr = (Curt Cuz ) Seu QL

So that

(3c.101) Gy, + Cye = Z212000 = 214,000 |b/in
(2)(21.0)(~.0236)

Adding and subtracting equations (3c.98) and (3c¢.101)
results in

(3¢.102) Cwi = 55007 14000 = [36,500 b/in
2

(3¢.103)Cuz = 219,000 ~ 59000 77,500 1b/in

=4

At a fore and aft natuiral frequency of 137.5 rad/sec,
the damping coefficients D,, and D,, are given as

(,054)(].3(ax|05) = 53.4 ib sec/in
(137.5)

(3c.104) Dui = 7ZC|.L|/LU

(3¢.105) Duz = 7Cuz/wo = (054)(.775x10%) = 30,5 b sec/in
(137.5)
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Aerodynan.c Characteristics

The coefficients for equations (3c.62) thru (3c.69) have
beer derived in the 3 degree model. For the F-111A in the
landing configuration and wings swept tc 26 degrees as des-
cribed in the 3 degree system, Cysz = .0014 and Cy, = -,021,
Then the coefficient Ch, 1s calculated from

(3¢.106) Cay = ~Cyg = .02) deg’
Let A X = FSA - FSCG as in the 3 degree system where

FSA = 526.8 and FSCG = 519.0. Let b be the wing span.
If b = 756 in., then

(3Co107) CAM bCN'B - AX Cyﬁ

n

(2¢.108) Can = (75¢)(.0014) = (7.80)(~.021) = 1222 1/ doc

Airplane Characteristics

The parameters listed in Table 7 describing the airplane's
dimensional and mass characteristics are those previously
derived in the 3 degree model or simply a listing of the
appropriate values applicable to the F-111 for which no
derivation or computation is required,
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4a, WHEEL AND TIRE SYSTEM (FLYWHEEL)

Figure 33 shows the componerit.s of the wheel and tire sys*em,

rd
f,fff”;—ﬁmhmtixf ,// Wheel
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Figure 33 Components of the Wheel and Tire System

In the vertical, or Z direction, the axle, brake, wheel,
tire, and lower shock strut are combined and operate as a
single mass point. A description of this mode is found in
the airplane system. The airplane system furnishes various
inputs to the tire and wheel: vz the airplane (flywheel
surface) velocity; fum , the vertical load between the tire
and pavement;5,, , the tire deflection., Thke brake torque
Tar 1s an input from the brake system.

s T T -

The horizontal displacement of two mass points is con-
sidered, One mass point is made up of the axle, brake,
wheel, and the inner part of the tire and its location 1s
designated asX,, . The other mass point is the tire tread
and its location is designated as Xyv.

In rotation, there are three mass points: the axle and
stationary brake elements make up the first; the brake
rotors, wheel, and inner tire make up the second; and the
tire tread makes up the third, The angular positions of
these three mass points are denoted respectiveliy as Os,
Ow . and 6., Let Fo be the horizontal force acting on the

f A AN EERYT ALK LR A R P M T R 0
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axle and let fyr be the net horizontal force between the
wheel and tire tread, Figure 34 shows the location of
these forces, Far is the horizontal force between the tire
and the flywheel surface,

Py TSN ELPLWERFRERS: LN

Tread

R

Figure 34 Tire Horizontal Model

A, Mathematical Description

Equations describing the tire and wheel behavior are de-
veloped by referring to Figure 34 . Forces F; and F,,
are defined by equations (4a.l), (4a.2), and (4a.3) as
follows:

(4a.1) Fy = ~Con X, ~ Den X,

2 S T T A R T3 L e SR e A o O T T

L 4
-

(‘+a 2) 7T = CTT’(XTT w) * E']'T' ( XTT - Xy)

ALt

(4a.3) DTT(Xy - Xw) = BEor (XT‘T - )(v)
- Equations (4a.2) and (4a.3) describe a type 2 spring-
. damper system as defined by Figure 38 and discussed in
é the parameter evaluvation,
o
0
A
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Let Wgw denote the mass of the axle, wheel, brake and inner
part of the tire. Let Wrz denote the appropriate tire

tread mass, Summing forces in the horizontal direction
glvas:

(43.4) Wow Xu = Fs + Fir
(4a.5) Wre XTT =7 FTT - FBT + FGRH

Where F.,, is a force produced by tire unbalance, the cor-
responding vertical part of this unbalance force is de-

noted byFsev . These two forces are given in equations
(4a.0) and (4a.7).

(4a.6) Fopp = Kye W: w2l By)
(4a.7) Foev = Rre W«: coa K Gy)

Wr and ©r are the rotational sneed and position ot the tire
tread.

The rotational schematic of the wheel and tire system is
shown in Figure 35

Tread

/ B Wheel + Rotors

Axle + Stators

7

T (——+

Tﬂ H\ ». T.T

-,

— Far

Figure 35 Tire Rotational Model

Let Tz; and T be defined by equations (4a.8), (4a.9), and
(4a.1C) as follows:

(4a.8) Tor = Cor(8y,-6;7) + Epr(6,,-0y)
(4a.9) Dgr(6y-67) = Epr(6,,-6y)

10




(4a.10) Ty = Cpe B + Dpg &5

lLet Hy be the height of the axle above the ground., let
Ter be the torque on the tire that produces rolling resist-
ance, These two quantities are given by:

(&a 11) HT‘ EQT"S

| (68.12) Tep = | Sm( Dsg+ DypWy) if Wr>o
| o} if WT =09
SM (_Dgg +Dv2w1-) if WT<O

If Tar is the brake torque, then torques can be summed to
‘ obtain the following three equations:

(6a.13) Wis8g = Tar-Ts
‘Tz-r "TBr
(4a.15) Wr By = HeBoir + Tor = Tag

(4a.14) Wiy 6w

The rolling radius of the tire is obtained using the
methods of Reference 1. Denoting the rolling radius as
R, it is defined as:

' (4&.16) F\D"l" = EGT—%SM - U-Eé()(rr-xw)

let Vi denote the velocity of the tire footprint . Rela-
tive to the flywheel surface withwy = 0, let Vp be the .
relative velocity including Wry.

r

(4a.17) Ves = Ve + Xor
(4a.18) Vg = Vas ~— RrWr

Here Vi is the velocity of the flywheel surface. Adopting
the convention Wr =87 ; We =6¢; and Wy, = Gw, the
relative angular velocity between the stators and rotors
is denoted by ws and is established by:

(4a.:9) Wg = Wy - W

When a tire is moving over a runway with any appreciable
amount of standing water or slush, a hydrodynamic "wedge"

11
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of water starts separating the tread and runway surface,

It is assumed that the length of this '"wedge" is propor-
tional to Ves and at hydroplaning speed, V.y , the tread

is completely separated from the runway. In equations
(4a.20) and (4a,.20) the coefficients Cny and Dwy are used
to define hydroplaning effects and water drag on the wheel,
For dry runway conditions, Cyy and Duy are zero. The hori-
zontal force between the tire tread footprint and the run-
way surface is established by equations (%4a.20), (4a.2l),
and (4a,22) ar follows:

(4a.20) Fumr = Frm (1 = Caty (Vs / Viy)®)
. 2
(4a.21; Far = FyueUr + Duy Vas

(4a.22) Ur = [ Un + (Urp- ExVes) €% if Vp5o0
o v if VE=O

of
"LLn - (u.Tz" ETVIZS) £ i J_f \fg‘(O

Figure 36 is an equation flow diagram showing the re-
lation between equations (4a,l) through (4a.22).

B. Parameter Evaluation

Gear Characteristics

The mass Wgw is made up of the mass of half the shock strut,

half the lateral beam, the axle, the wheel, tne brakes,
and all but one-third of the tire tread. The sum of the
masses of these components totals 616 LBM. Thus, Wew =
616/386 = ) .60 b sect/in . The fore and aft natural fre-
quency of the gear (as calculated from deflection data) is
Z1.8%¢eps = 37,5 rad/sec . Using the gear mass, with all of
the tire included (644 LBM), the spring ratz Cgucan be
calculated as:

(4a.23) Cou= mw): = (044')(I‘37b) = 31,500 lb/in
38(0

A typical approach to estimate the damping coefficient
is to use 3% critical. Thus,

(4a.24) Dew= (03),_-‘/ Ce =(oe)J +4)31500 = 13.8 lbsec

"
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Tire Tread Characteristics

The principle underlying the calculation of the tire fric-
tion coefficient is that compared to the rest of the tire,
the tire "footprint" is totally inelastic. (The tire "foot-
print" is that portion of the tire tread which is in con-
tact with the ground). Thus, if the w 'ocity of the foot-
print and the friction vs. velocity curve for the rubber-
surface interface are defined, the tire friction coeffi-
cient is established. 1In order to predict tha motion of
the footprint, the tir~ tread is assumed to behave like an
inelastic ring which is supported on the wheel as shown in
Figure 37.

Inelastic ring

torsional springsﬂ\ Translational springs,

3
&
q“.
e
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Figure 37 Tire Tread Model
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The horizontal position of the footprint 1s assumed to be
the same as the h:-izontal position of the ring center of
gravity, A frictional force F; applied at the ground can
be resolved into a translational force F = F; acting at

the rirg C.G., plus a moment M = F,H acting about the ring
C.G.

For an actual tire with distributed mass and elasticity ap-

proximately one-third of the tire would move with the foot-

print in response to force, Fu., Therefore, it is assumed
for translation the mass cf the ring, Wy , 18 one-third -£
the tire tread mass, wBich is 84 LBM. Thus, Wre = (84)/3
386) = 0.0725 LBF SEC/IN.,

For rotation the total tire tread mass is assumed to move
in response to moment, M. Thus, the mogent of inertia 2
about its cinter of gravity is wWrr = MR = (84/386) (237) =
115 LBF SEC®/IN.

References 1 (page 22) and 10 (Figure 8) are used to obtain
values for the torsional and translational spring rates

as shown in Figure 37 . Under the application of the force
fus the peripheral movement at point b is about 20% of the
peripheral movcuent at point a {(Figure 37 above). The ex-

pression for the fiotprint spring rate from Reference 1 is:

(48.25) Kx = .6d (P+ 4Py) § So/d

Where for the F-1ll with a vertical tire load of 25,000 1b,

1= 46,65 in, = Tire diameter
P = 150 psi = Tire operating pressure
% Pr = 150 psi = Tire rated pressure
o So = 2.75 in, = Operating (static) deflection
|
Y Thus,
B 3
5 (4a.26) Ky = (.6)(4.65)(5)(150) Jzns/%.es = 8/50 /b /in
:3 The application of Fy, = 8150 1lb, causes the footprint to
- move one inch., At point b, the movement is .2 inches,
M Assuming that the movement at point b is all due te rota-
g tion, the apparent torsional spring rate is:
"
L —
N (4a.27) Cgr = (g) HF, . (23.32) (2257} 8/50) BF S rad
N 2/ (2 &7 /9.5 mbE/s
= 115
o
F
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Since .8 inches of the 1.0 inch footprint motion is due to
tread C.G. fore and aft translation, the apparent spring
rate is:

(4a.28) Crr = F, = 8150 = 10,200 Ib/in
8 .8
x L
F_* | — T
= I .
Fig) —et ?
K [~
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Figure 38 Tire Damping Models

It is well publicized and generally accepted that the
elastic and damping characteristics of tires and other
structural devices are not accurately described by the
mathematically convenient linear spring-viscous damper
representation over a wide frequency range., The behavior
of rubber-like materials is particularly different than
that described by the conventional m~del. To establish
suitatle mathematical descriptions of the various damping
forces for tires and other elements of cuis study, several
models were explored, Figure 38 depicts the fwo types of
elastic systems which are used, The Type 1 model is a
conventional system with viscous damping and Type 2 is a
visco-elastic system, having elasticity and damping which
varies with frequency, To compare the two, consider the
effec.s of driving each with a variable force F(t) = Fo
coewt , In each case, the resultant deflection is

x = Lo ch(wt ~ @)

The loss coefficient, B, is defined by B =lan¢ . For a
conventional system (Type 1 with ¢ and k constant), the
loss coefficient which is a measure of the damping is
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given by:
(4a.29) 3B = cw/k

Reference 1 assumes that ¢ is of the form ¢ =7 k/o where
% and k are constant. From this:

(4a.30) /3 = %

Reference 8 seems to indicate (p. 55) that the loss co-

efficient for tire tread rubber is somewhere between the
above two values,

For the Type 2 system, shown in Figure 38,with ¢, n, and k
constant, the loss coefficient is given by:

(4a.31) 3 = (9%’)/ (' + (c'r%’)z(”'a))

To represent a tire, the values (c/k) = 1.56 x 10'3 sec, and
(n/k) = 0.520, were used to compute values of 3 for a

range of frequencies. /3 versus w is shown in Figure 39

for both Type 1 and Type 2 models, along with values of /3
taken from References 1 and &, The value from Reference 1
is shown constant at all frequencies because the value is
not identified with any frequency. The above values of
(e¢/k) and (n/k) were chosen because they gave /3 values in
best agreement with authoritative data,

el il . P e i g R s W e el e R

T N ek el Sl e W

Figure 39 shows both Type 1 and Type 2 models have rela-
tively poor correlation with both data sources. Reference
8 indicates # is highly dependent upon temperature and tire
rubber compound as might be expected, During damping model
exploration, both Type 1 and Type 2 systems were examined
dynamically on an analog computer, It was found that dif-
ferences in their behavior were observable; however, sincec
the damping forces are relatively small compared to the
other forces, this difference was small. Either model is
equally satisfactory for evaluating anti-skid operation,
The Type 2 svstem is used for the tire because it is in
closer agreement with recorded observations, The peak in
the /3 versus frequency curve for the Type 2 system is in
keeping with most of the contour plots for rubber-like
materials as shown in Reference 7 and 8.
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The tire elastic and damping coefficients are:

(1.5¢%163) Cyr = 15.9 b sec/in

n

(4a.32) Drr

Err = (.52) Cyr = 5300 ib/in
Dot = (Ls5ax163) Cpr = 30,400 inlb sec/rad
Epr = (.82)Cor = 105 %10%inlb/vad

; T 7
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Figure 39 Model Loss Factors
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The equation (4a.16) for the rolling radius Kr is a re-
statement of equation (76 b) of Reference 1, To allow for
circumferential decay length other than those equal to the
outside free tire radius, a coefficient Ugp is provided.
For this study Ugpg is set equal to 1.0.

Avle Parameters

The observed torsional natural frequency of the axle (with
brake stators) is 125 cps. The calculated value for

its moment of inertia is 16,8 LBF SEC“/IN, Thus, the
torsional spring rate,Cps , is established as:

eTE TR A A s N " et T e A e ¢ b

(42.33) Cps = (27125)%(16.2) = 10.4x10% inlb/rad

) For the steel axle, a value for 7 (in the Type 1 system in
Figure 38 )is probably something less than .01 (Reference

5 7). Thus, at resonance, if cw/k = %, then the damping co-
efficient is established as:

i (4a.34) Dpg = k7z/w = (104x10°)(.01)/(2m125) = 132 iInlbee/md
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Tire Rolling Resistance

From Figure 17a of Reference 2, the rolling resistance co-
efficient, £ is given by #r = ,012 + 1 x 1072v where v is
the axle speed in INCHES/SEC. Thus,

(42.35) Tep = pr FreRr = (012 + 1x16°V) e Ry
Or alternately, = (.02 + 12166 Ry J(For/$)(s) Ry

Since Fre/§=Cwr, the rolling resistance coefficients are
established as:

(4a.36) Dgp = .012 Cour Ry = (.012)(8520)(20.57) = 2350lb
(4a.37) Dyp = 1%10 Car E’rz = (9530%10 N(20.57) = 40.3 bsec

Figure 40 shows the friction coefficient for a tire slid-
ing (i.e. full skid) on a dry concrete runway as a func~
tion of velocity, This data is taken from Reference 3 and
is applicable to a typical runway contaminated with rubber
deposits from previous airplana operations, Table 8

below lists the appropriate coefficients for equation
(4a.22) which apply for dry and wet runway surface condi-
tions,

Table 8 Runway Friction Characteristics

LA A A A N S S

I e B o

SYMBOL UNITS WET DRY
CONCRETE CONCRETE
ey 1 m=--- .050 .200
Urz | ====- 180 _, 450
Er SEC/IN .065 x 10_j +065 x 10_,
« SEC/IN 1.0 x 10 2.5 x 10

iy LR "

SRS PR R R R A T e e i T

. BRI e A R,
-]

Initial Conditions

All initial conditions, except wheel and tire rotational
cpeed, will be set to zero, From the airplane system at
time = 0, V¢ = 2400 and S, = 2,245, Using equation
(4a.16) results in:

(4a.38) Ry = Rgr ~35m = 23.32 —13 (2.245) = 22,67 \n

In order that Y, be zero, equations (4a,18) and (4a,19)
show that:
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Figure 40 Tire Sliding Friction Coefficient
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(4a.39) ©,, = éwa = Ve /Ry = 2400/22.67 = 105.9 rad/sec
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4b, WHEFL AND TIRE SYSTEM (3 DEGREE)

Figure 41 shows the components of the wheel and tire
system. The wheel and tire system

(o)
k\\ f// Shock Strut
PN&Q Tread
Lower // Wheel
Shock Strut 1 Stators K
\ Rotors Bress
\ Axle
\\.
\ '
( N\
—= XAx xw

Figure 41 Components of the Wheel and Tire System

for the 3 degree airplane system is essentially the same as
for the flywheel model. The Airplane System still furn-
ishes the tire deflection Sy and the tire vertical load

Fsma . The ground speed, however, is no longer furnished by
the Airplane System, but is found by summing forces on the
tire, wheel, brake, and axle mass. The horizontal force
exerted on the axle by the airplane is calculated by obtain-
ing the translational (X,4) and rotational (6;) gear
positions from the Airplane System.
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